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In this work we study thermal leptogenesis using non-equilibrium quantum field theory. Starting
from fundamental equations for correlators of the quantum fields we describe the steps necessary
to obtain quantum kinetic equations for quasiparticles. These can easily be compared to conven-
tional results and overcome conceptional problems inherent in the canonical approach. Beyond
CP -violating decays we include also those scattering processes which are tightly related to the de-
cays in a consistent approximation of fourth order in the Yukawa couplings. It is demonstrated
explicitly how the S-matrix elements for the scattering processes in the conventional approach are
related to two- and three-loop contributions to the effective action. We derive effective decay and
scattering amplitudes taking medium corrections and thermal masses into account. In this context
we also investigate CP -violating Higgs decay within the same formalism. From the kinetic equations
we derive rate equations for the lepton asymmetry improved in that they include quantum-statistical
effects and medium corrections to the quasiparticle properties.
PACS numbers: 11.10.Wx, 98.80.Cq
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I. INTRODUCTION
If one combines today’s Standard Model of particle
physics (SM) and that of cosmology, one finds inevitably
that particles and their antiparticles annihilate at a very
early moment in the evolution of the universe, leaving
just radiation behind. The absence of a sizable matter-
antimatter asymmetry at this epoch would imply that the
universe as we know it could never form. The question
about the origin of the observed asymmetry therefore
represents a major challenge for modern physics.
In the SM baryon and lepton number are (acciden-
tal) global symmetries. If baryon number was also con-
served in the early Universe a dynamical emergence of the
asymmetry would have been impossible. In grand-unified
extensions (GUTs) of the SM baryon number (and also
lepton number) is explicitly broken. According to past
reasoning, this could provide a solution to the appar-
ent discrepancy. In the class of ‘GUT-baryogenesis’ sce-
narios the matter-antimatter imbalance is generated by
asymmetric decays of new super-heavy bosons. Anoma-
lous electroweak processes [1, 2] (sphalerons) which vio-
late baryon and lepton number but conserve their dif-
ference essentially eliminated the prospects for GUT-
baryogenesis [3]. At the same time, it inspired the now
widely appreciated scenarios of ‘electroweak baryogen-
esis’ [3, 4] and ‘baryogenesis via leptogenesis’ [5]. Ac-
cording to the latter scenario, the asymmetry is initially
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generated in the leptonic sector by the decay of heavy
Majorana neutrinos at an energy scale far above the elec-
troweak scale. Subsequently it is converted into the ob-
served baryon asymmetry by sphalerons. The mass scale
of the heavy Majorana neutrinos required for leptogene-
sis [6, 7] fits together very well with the mass-differences
inferred from observations of solar-, atmospheric- and
reactor-neutrino oscillations.
We focus here on the conventional, but most popular,
high-energy (type-I) seesaw extension:
L = LSM +
1
2N¯i
(
i 6∂ −Mi
)
Ni
− hαiℓ¯αφ˜PRNi − h†iαN¯iφ˜†PLℓα ,
where Ni = N
c
i are the heavy Majorana fields, ℓα are
the lepton doublets, φ˜ ≡ iσ2φ∗ is the conjugate of the
Higgs doublet, and h are the corresponding Yukawa cou-
plings. The Majorana mass term violates lepton number
and the Yukawa couplings can violate CP. Therefore the
model fulfills essential requirements for baryogenesis [8].
They can also be realized for more complicated SM ex-
tensions and a wide range of values for couplings and
neutrino masses [9–12]. In general the right-handed neu-
trinos do not necessarily get into thermal equilibrium and
CP -violating oscillations between them can contribute to
the asymmetry. This effect of leptogenesis through neu-
trino oscillations [13] is crucial for neutrino-minimal ex-
tensions of the SM (νMSM) [14] and poses interesting
questions for non-equilibrium quantum field theory [15–
17]. In the considered scenario of thermal leptogenesis
the heavy Majorana neutrinos experience only a moder-
ate deviation from thermal equilibrium at the time when
the bulk of the asymmetry is produced. Also, for a hier-
archical mass spectrum, effects related to oscillations are
negligible.
2The amount of the generated asymmetry is determined
by the out of equilibrium evolution of the heavy Majo-
rana neutrinos. Therefore, statistical equations for the
abundance of the neutrinos and the generated asymme-
try are needed. The conventional approach here follows
the lines developed for GUT-baryogenesis [18]. The CP -
violating amplitudes for the decay and scattering pro-
cesses involving the heavy Majorana neutrinos are com-
puted in terms of Feynman graphs at lowest loop order.
They are used to build generalized Boltzmann collision
terms for these processes. Each of them contributes to
the evolution of the distributions of Majorana neutrinos
and leptons or, upon momentum integration, their entire
abundances.
However this approach is plagued by the so-called
double-counting problem which manifests itself in the
generation of a non-vanishing asymmetry even in ther-
mal equilibrium. This technical issue is expression of
the fact that the ‘naive’ generalization of the collision
terms is quantitatively inexact, and inconsistent in the
presence of CP -violation. After a real intermediate state
(or RIS) subtraction procedure and a number of approx-
imations, it can be made consistent with fundamental
requirements. Nevertheless this pragmatic solution re-
mains unsatisfactory. The requirement of unitarity guar-
antees a consistent approximation for the amplitudes, re-
alized by the RIS subtraction, if the statistical system
is in thermal equilibrium. However, the deviation from
equilibrium is a fundamental requirement for leptogene-
sis and it is not obvious how the equations have to be
generalized for a system out of equilibrium.
Furthermore, the CP -violation arises from one-loop
contributions due to the exchange of virtual quanta. As
such they seem to be beyond a Boltzmann approxima-
tion. But the relevant imaginary part is due to inter-
mediate states in which at least some of the particles
are on-shell. These can also be absorbed or emitted by
the medium and it is not obvious how such contributions
enter the amplitudes. It is, however, clear that the in-
fluence of medium effects on the one-loop contributions
enters directly the CP -violating parameter and therefore
the source for the lepton asymmetry. Their size can be
of the same order as that of the vacuum contributions.
Those questions can be addressed within a first-
principle approach based on non-equilibrium quantum
field theory (NEQFT). Several aspects of leptogenesis
have already been investigated within this approach [19].
The influence of medium effects on the generation of the
asymmetry has been studied e.g. in [17, 20–25], and an
analysis with special emphasis on off-shell effects was per-
formed in [26, 27]. The role of flavor effects as well as the
range of applicability of the conventional approach to the
analysis of flavored leptogenesis has been investigated in
[28]. The resonant enhancement of the lepton asymme-
try has been addressed within a first-principle approach
in [15, 16, 29, 30]. In addition, steps towards a consistent
inclusion of gauge interactions have been taken [10, 31–
37].
In this work we use the 2PI-formalism of NEQFT to
derive Boltzmann-like quantum kinetic equations for the
lepton asymmetry. In particular, we show how two-body
scattering processes that violate lepton number by two
units and contribute to the washout of the asymmetry
emerge within the 2PI-formalism. This approach treats
quantum field theory and the out of equilibrium evolution
on an equal footing and allows to overcome the concep-
tional difficulties inherent in the conventional approach.
It allows us to obtain quantum-generalized Boltzmann
equations which include medium effects and which are
free of the double-counting problem. In other words, the
structure of the obtained quantum kinetic equations au-
tomatically ensures that the asymmetry vanishes in ther-
mal equilibrium and no need for RIS subtraction arises.
The resulting equation for the lepton asymmetry YL is
given by
sH
z
dYL
dz
=
∑
i
∫
dΠpkqℓφNiF
pk;q
ℓφ↔NiΞℓφ↔Ni
−
∑
i
∫
dΠpkq
ℓ¯φ¯Ni
Fpk;q
ℓ¯φ¯↔NiΞℓ¯φ¯↔Ni
− 2
∫
dΠp1k1p2k2
ℓφℓ¯φ¯
Fp2k2;p1k1
ℓ¯φ¯↔ℓφ Ξℓ¯φ¯↔ℓφ
−
∫
dΠp1p2k1k2
ℓℓφ¯φ¯
Fk1k2;p1p2
φ¯φ¯↔ℓℓ Ξφ¯φ¯↔ℓℓ
−
∫
dΠp1p2k1k2
ℓ¯ℓ¯φφ
Fp1p2;k1k2
ℓ¯ℓ¯↔φφ Ξℓ¯ℓ¯↔φφ . (1)
Together with the ‘effective amplitudes’ Ξ this is the main
result of this paper. In Eq. (1) we introduced
Fpapb..;pipj ..ab..↔ij.. ≡ (2π)4δ(pa + pb + ..− pi − pj − ..)
× [fifj..(1 − ξafa)(1− ξbfb)..
− fafb..(1− ξifi)(1 − ξjfj)..
]
, (2)
with ξa = +(−)1 for fermions (bosons). Note that
Fpapb..;pipj ..ab..↔ij.. vanishes in equilibrium due to detailed bal-
ance. This ensures that the asymmetry vanishes in ther-
mal equilibrium as mentioned before. The effective am-
plitudes contain medium effects ignored in the corre-
sponding canonical expressions.
We find that, in the amplitudes of the scattering pro-
cesses medium effects are sub-dominant and can be ne-
glected. The total decay amplitude of the Majorana neu-
trino is barely affected as well. However, at high tem-
peratures the available phase space shrinks when tak-
ing gauge interactions in the form of effective thermal
masses of Higgs and leptons into account. This leads to
a suppression of the decay and scattering rates. Since
the CP -violation appears as loop effect it is more sen-
sitive to influences of the surrounding medium. Even
though there is a partial cancellation of the fermionic and
bosonic contributions, the CP -violating parameter is en-
hanced by medium effects. However, the thermal masses
reduce the enhancement and turn it into suppression at
high temperatures.
3We review the conventional approach to leptogenesis
based on RIS subtraction in Sec. II. In section III we
demonstrate explicitly that in thermal equilibrium the
success of this procedure is guaranteed by the require-
ment of unitarity. In Sec. IV we review the derivation of
rate equations for total abundances and discuss in how far
quantum statistical and medium corrections can be incor-
porated in the reaction densities. In Sec. V we review the
application of the 2PI approach of NEQFT to leptogene-
sis. Equation (1) and explicit expressions for the effective
in-medium decay and scattering amplitudes are derived
within this framework in Sec. VI. We compare the results
obtained within the 2PI-formalism to those of a conven-
tional analysis with manual RIS subtraction. In Sec. VII
we derive rate equations and the CP -violating amplitudes
for Higgs decay within the framework of NEQFT. Finally,
we summarize the results and present our conclusions in
Sec. VIII.
II. CONVENTIONAL APPROACH
The amount of produced asymmetry depends on the
details of the non-equilibrium evolution of the Ma-
jorana neutrinos as well as on the strength of CP -
violation. The latter is usually quantified by CP -
violating parameters[9–12]:
ǫi ≡
ΓNi→ℓφ − ΓNi→ℓ¯φ¯
ΓNi→ℓφ + ΓNi→ℓ¯φ¯
,
where ΓNi→ℓφ and ΓNi→ℓ¯φ¯ are the vacuum decay rates
to a particle or anti-particle pair respectively.For a hi-
erarchical mass spectrum ǫi can be computed perturba-
tively as the interference of the tree-level, one-loop vertex
Ni
ℓ
φ
= +
(a)
+
(b) (c)
FIG. 1: Tree-level, one-loop self-energy and one-loop vertex
contributions to the decay of the heavy Majorana neutrino.
[5] and one-loop self-energy [38–40] amplitudes in Fig. 1.
The contribution of the loop diagrams can be accounted
for by effective Yukawa couplings [41]:
λ+,αi ≡ hαi − ihαj(h†h)∗ji fij , (3a)
λ−,αi ≡ h∗αi − ih∗αj(h†h)ji fij , (3b)
where the loop function fij is defined as
fij ≡ 1
16π
MiMj
M2i −M2j
(4)
+
1
16π
Mj
Mi
[
1−
(
1 +
M2j
M2i
)
ln
(
1 +
M2i
M2j
)]
.
The first term in Eq. (4) is related to the self-energy and
the second term to the vertex contribution. The decay
widths are proportional to the absolute values of the ef-
fective couplings, ΓNi→ℓφ = gw(λ
†
+λ+)iiMi/(32π) and
ΓNi→ℓ¯φ¯ = gw(λ
†
−λ−)iiMi/(32π) respectively, where we
have summed over flavors of the leptons and SU(2)L in-
dices (hence the factor gw = 2) in the final state. Since
the phase space for the decay into particles and antiparti-
cles is the same, one gets for the CP -violating parameter:
ǫvaci ≈
ℑ(h†h)2ij
(h†h)ii
× 2fij , j 6= i . (5)
Let us note in passing that the divergence of the loop
function for j = i is not physical and can be removed
by a resummation of the self-energy contribution [40–
42]. Here we work in a regime where the mass splittings
|Mi −Mj | are large enough to render effects related to
the enhancement of the self-energy contribution irrele-
vant (non-resonant leptogenesis). We do not require a
strictly hierarchical mass-spectrum, however.
To describe the statistical evolution of the lepton asym-
metry one usually employs generalized Boltzmann equa-
tions for the one-particle distribution functions of the
different species [18, 43, 44]. Taking into account decay
and inverse decay processes one writes for the distribu-
tion function of the leptons (for a single flavor):
pµDµfℓ =
1
2
∑
i,si
∫
dΠφk dΠ
Ni
q (2π)
4δ(p+ k − q)
× [|M|2Ni→ℓφ (1− fℓ)(1 + fφ)fNi
− |M|2ℓφ→Ni fℓfφ(1 − fNi)
]
, (6)
where dΠap = d
3p/[(2π)32Ep] is the invariant phase space
element, si denotes spin degrees of freedom ofNi, and Dµ
is the covariant derivative. The corresponding equation
for antileptons may be obtained by interchanging ℓ ↔ ℓ¯
and φ ↔ φ¯. CPT -invariance implies that |M|2Ni→ℓφ =
|M|2ℓ¯φ¯→Ni and |M|
2
Ni→ℓ¯φ¯ = |M|
2
ℓφ→Ni . Furthermore, in
thermal equilibrium detailed balance requires that (1 −
feqℓ )(1 − feqφ )feqNi = f
eq
ℓ f
eq
φ (1 − feqNi). Subtracting the
two relations we find for the contribution of the (inverse)
decay terms:
pµDµ(fℓ − fℓ¯) = 2 ·
1
2
∑
i,si
∫
dΠφk dΠ
Ni
q (2π)
4δ(p+ k − q)
× feqNi(1− f
eq
ℓ )(1 + f
eq
φ )
[|M|2Ni→ℓφ − |M|2Ni→ℓ¯φ¯] . (7)
If the decay amplitudes in square brackets differ, the
right-hand side of Eq. (7) represents the (non-zero) CP -
violating source term for the asymmetry generation. The
total asymmetry is given by the sum over all flavors and
SU(2)L components: nL ≡
∑
α,a(nℓ − nℓ¯). Neglecting
the quantum-statistical terms, (1− fℓ)(1 + fφ) ≈ 1, and
integrating Eq. (7) over the lepton phase space we obtain
4for its time derivative:
∂tnL ≈ 2 · gN
2π2
∑
i
ǫi ΓiM
2
i T K1
(
Mi
T
)
6= 0 , (8)
where K1 is the modified Bessel function of the second
kind, Γi = ΓNi→ℓφ + ΓNi→ℓ¯φ¯ is the total tree-level decay
width of Ni, and the factor gN = 2 emerges from the sum
over the Majorana spin degrees of freedom in (7), see Ap-
pendixA for more details. This implies that the source-
term for the lepton asymmetry differs from zero even in
equilibrium. On the other hand, combined with time
translational invariance of an equilibrium state, CPT -
invariance requires the asymmetry to vanish in thermal
equilibrium. Thus, we arrive at an apparent contradic-
tion.
The generation of an asymmetry in equilibrium within
the S-matrix formalism is a manifestation of the so-called
double-counting problem. In vacuum an inverse decay
immediately followed by a decay is equivalent to a scat-
tering process where the intermediate particle is on the
mass shell (real intermediate state or RIS). Thus, the
+
(a) (b)
FIG. 2: Two-body scattering process ℓ¯φ¯ ↔ ℓφ. Both graphs
contribute with all Ni as intermediate states. Note that we
read (b) as t-channel contribution.
same contribution is taken into account twice: once by
the amplitude for (inverse) decay processes, and once by
that for the ℓφ↔ ℓ¯φ¯ scattering processes, see Fig. 2.(a).
Let us convince ourselves that this is indeed the case.
Including scattering processes we have for the distribu-
tion function of the leptons:
pµDµfℓ = . . .
+
1
2
∑
α,a
∫
dΠp2k2k1
ℓ¯φ¯φ
(2π)4δ(p+ k1 − p2 − k2)
× [|M|2ℓ¯φ¯→ℓφ fℓ¯fφ¯(1− fℓ)(1 + fφ)
− |M|2ℓφ→ℓ¯φ¯ fℓfφ(1 − fℓ¯)(1 + fφ¯)
]
, (9)
where the dots denote the contribution of the (inverse)
decay processes, the sum is over flavors and SU(2)L com-
ponents of the antileptons and we have introduced
dΠ
papb...pipj ...
ab...ij... ≡ dΠapa dΠbpb . . . dΠipi dΠjpj . . . ,
to shorten the notation. In the unflavored regime, to
which we restrict our analysis, the distribution functions
of leptons of all flavors are equal. If the Majorana neu-
trinos are close to equilibrium the difference between the
distribution functions of the two spin degrees of freedom
can be neglected as well. Therefore, in the expression for
the total asymmetry nL the summation over spin, flavor
and SU(2)L components reduces to summation of the
corresponding decay and scattering amplitudes. We will
denote these sums over internal degrees of freedom by Ξ
and call them effective amplitudes in the following. For
the effective amplitude of ℓ¯φ¯→ ℓφ scattering one obtains
[41]
Ξℓ¯φ¯→ℓφ = 4(p1p2)
∑
ij MiMj
× [2(λ†+λ+)2ij P ∗i (s)Pj(s) + 2(h†h)2ij P ∗i (t)Pj(t)
+ (λ†+h)
2
ij P
∗
i (s)Pj(t) + (h
†λ+)2ij P
∗
i (t)Pj(s)
]
,
where p1,2 are the momenta of initial and final leptons
respectively, and s and t are the usual Mandelstam vari-
ables. The amplitude Ξ
ℓφ→ℓ¯φ¯ is obtained by interchang-
ing λ+ ↔ λ−. Note that the loop corrections to the
Yukawas vanish for negative momentum transfer, i.e. in
the t-channel. For this reason the above scattering ampli-
tude contains combinations of the Yukawa couplings and
their one-loop corrected counterparts. The propagators
Pi are given by
P−1i (q
2) = q2 −M2i + iθ(q2)MiΓi , (10)
where θ is the Heaviside step function. The RIS contri-
bution appears for the flavor diagonal (i = j) terms in
the product of the s-channel amplitudes since only in this
case the s−M2i terms vanish simultaneously in both Pi
and Pj . In other words:
Ξℓ¯φ¯→Ni→ℓφ =
8(λ†+λ+)
2
iiM
2
i (p1p2)
(s−M2i )2 + (MiΓi)2
,
and a similar result for Ξ
ℓφ→Ni→ℓ¯φ¯. Using the defi-
nitions of the effective couplings (3) and the expres-
sion for the CP -violating parameter (5) we find that
(λ†+λ+)
2 ≈ (h†h)2ii (1 + ǫi)2. Furthermore, for a small
decay width, we can approximate the Breit-Wigner prop-
agator by a delta-function using,
lim
ǫ→0+
2ǫ
ω2 + ǫ2
= lim
ǫ→0+
4ǫ3
[ω2 + ǫ2]2
= 2πδ(ω) , (11)
where ω = s−M2i and ǫi = MiΓi in the considered case.
The RIS contribution to the scattering amplitude then
takes the form
Ξℓ¯φ¯→Ni→ℓφ ≈ Ξℓ¯φ¯→Ni
πδ(s−M2i )
MiΓi
ΞNi→ℓφ
× 2(p1p2)
M2i
, (12)
where ΞNi→ℓφ = gw(λ
†
+λ+)ii2pq ≈ gw(λ†+λ+)iiM2i is
the decay amplitude squared summed over all internal
degrees of freedom (and a similar expression for anti-
particles). Just as one would expect, it is proportional to
the product of the corresponding inverse decay and de-
cay amplitudes. The additional momentum dependence
5(momenta of the leptons) arises because the initial and
final states contain fermions. Close to thermal equilib-
rium f
ℓ¯
≈ fℓ ≈ feqℓ and fφ¯ ≈ fφ ≈ f
eq
φ . Neglecting the
quantum-statistical terms we can write the RIS contri-
bution to the source-term as:
∂tnL ≈ 2
∫
dΠp1k1p2k2
ℓ¯φ¯ℓφ
(2π)4δ(p1 + k1 − p2 − k2)
× feqℓ feqφ
[
Ξℓ¯φ¯→Ni→ℓφ − Ξℓφ→Ni→ℓ¯φ¯
]
. (13)
Taking into account that with Maxwell-Boltzmann dis-
tributions feqℓ f
eq
φ = f
eq
Ni
in the presence of the Dirac-
delta and performing the phase space integration using
Eq. (A6) we obtain a result identical to Eq. (8).
To correct the double-counting in equilibrium we may
therefore subtract the RIS contribution from the scatter-
ing amplitude:
Ξ
′
ℓ¯φ¯→ℓφ ≡ Ξℓ¯φ¯→ℓφ − Ξℓ¯φ¯→Ni→ℓφ ,
and similarly for the conjugate process ℓφ→ ℓ¯φ¯. At first
sight it might seem that the RIS subtracted scattering
amplitudes Ξ
′
do not contribute to the generation of the
lepton asymmetry in equilibrium,
∂tnL ≈ 2
∫
dΠp1k1p2k2
ℓ¯φ¯ℓφ
(2π)4δ(p1 + k1 − p2 − k2)
× feqℓ feqφ
[
Ξℓ¯φ¯→ℓφ − Ξℓ¯φ¯→Ni→ℓφ
− Ξℓφ→ℓ¯φ¯ + Ξℓφ→Ni→ℓ¯φ¯
]
,
but also cannot compensate the asymmetry generated in
equilibrium by the decay processes, see Eq. (8). However,
upon phase space integration the difference of the unsub-
tracted scattering amplitudes vanishes at leading order in
h. The remaining difference of the RIS-amplitudes pre-
cisely compensates the contribution of the (inverse) decay
processes (8).
The RIS subtracted scattering amplitude can be con-
veniently rewritten in terms of a ‘RIS subtracted propa-
gator’ Pij . Motivated by Eq. (11) we define its diagonal
components such, that they vanish upon integration over
s in the vicinity of the mass pole:
Pii(s) = (s−M
2
i )
2 − (MiΓi)2
[(s−M2i )2 + (MiΓi)2]2
. (14)
Since the second of the expressions (11) approaches the
delta-function faster than the first it is common to write
Eq. (14) in the form
Pii(s)→ P ∗i (s)Pi(s)−
π
MiΓi
δ(s−M2i ) . (15)
For i 6= j there is no need to perform the RIS subtraction
and therefore Pij(s) ≡ P ∗i (s)Pj(s). In the following we
will also need the sum of the RIS subtracted tree-level
scattering amplitudes. It does not contribute to the gen-
eration of the asymmetry but plays a role for its washout.
It is defined as
Ξℓ¯φ¯↔ℓφ ≡ 12
[
Ξℓ¯φ¯→ℓφ + Ξℓφ→ℓ¯φ¯
]
= 4(p1p2)
∑
ij MiMj ℜ(h†h)2ij
× [ 2Pij(s) + 2P ∗i (t)Pj(t)
+ P ∗i (s)Pj(t) + P
∗
i (t)Pj(s) ] . (16)
Since it contains only the real part of (h†h)2ij this process
is CP -conserving. A further important washout process
(a) (b)
FIG. 3: Two-body scattering process ℓℓ↔ φ¯φ¯.
is ℓℓ↔ φ¯φ¯ scattering which receives the t- and u-channel
contributions, see Fig. 3. By analogy with Eq. (16) it is
convenient to introduce
Ξℓℓ↔φ¯φ¯ ≡ 12
[
Ξφ¯φ¯→ℓℓ + Ξφφ→ℓ¯ℓ¯
]
= 2(p1p2)
∑
ij MiMj ℜ(h†h)2ij
× [2P ∗i (t)P ∗j (t) + 2P ∗i (u)P ∗j (u)
+ P ∗i (u)Pj(t) + P
∗
i (t)Pj(u) ] . (17)
Since the intermediate Majorana neutrino cannot go on-
shell in the t- and u-channel, there is no need to use the
RIS subtracted propagator in Eq. (17).
Above we have briefly reviewed the canonical approach
to the computation of the lepton asymmetry, which is
based on generalized Boltzmann equations. Boltzmann
equations, according to conventional reasoning, describe
scattering processes of particles which propagate freely
over timescales large compared to the duration of indi-
vidual interactions. This picture seems to be consistent
with the use of S-matrix elements which are intended
to describe transitions between asymptotically free ini-
tial and final states. However, in leptogenesis the crucial
processes (CP -violating decays) involve unstable parti-
cles which spoils this picture. In vacuum the amplitudes
for such processes can be computed in terms of their
Feynman graphs. However the ‘naive’ way of generaliz-
ing the Boltzmann equation by multiplying the obtained
amplitudes by the one-particle distributions of the initial
states and integrating over phase space leads to incon-
sistent equations. The origin of this problem is that the
obtained collision terms for particle decay and inverse de-
cay in Eq. (6) miscount the rate of particle generation. In
a short time-interval a finite number of unstable Majo-
rana neutrinos - formed by inverse decay of particles and
antiparticles - decays immediately back to either particles
or antiparticles. These contributions to particle genera-
tion are not included in Eq. (6) where the amplitudes are
defined in terms of Feynman graphs. For leptogenesis,
in the presence of CP -violation, it leads to inconsistent
6equations and must be corrected. Since the missing con-
tribution can be constructed as the rate of a two-body
scattering process with on-shell intermediate state this
issue can be addressed by the RIS-subtracting procedure
presented above. It modifies the amplitudes for two-body
scattering in order to cure the problem which appears due
to the collision terms for particle decay.1
III. RIS SUBTRACTION WITH QUANTUM
STATISTICS
It is well known that unitarity has important conse-
quences for baryogenesis and leptogenesis [43, 45, 46] as
it implies restrictions for the CP -violating amplitudes.
The issue of RIS subtraction is as well tightly related to
unitarity as has been mentioned in e.g. [41]. As noted in
Sec. II, the use of ‘naive’ Boltzmann equations of the kind
(9) for unstable particles leads to problems such as the
spurious asymmetry generation in the presence of CP -
violation in the decay of the heavy neutrinos. In this
section we show explicitly that the success of the RIS
subtraction in thermal equilibrium is guaranteed by the
unitarity of the S-matrix and how it can be generalized
to include quantum-statistical terms. The approach to
RIS subtraction differs slightly from the one discussed in
the previous section.
To illustrate it we work in thermal equilibrium, feq
ℓ¯
=
feqℓ and f
eq
φ¯
= feqφ , where
feqa =
(
eEa/T + ξa
)−1
. (18)
Subtracting from the Boltzmann equation (9) the cor-
responding equation for antiparticles, summing over in-
ternal degrees of freedom of the leptons and integrating
with
∫
d3p/[(2π)3Ep] we obtain in thermal equilibrium:
2
dnL
dt
= 2
∑
i
∫
dΠpkqℓφNi(2π)
4 δ(p+ k − q) (19)
× [ΞNi→ℓφ − ΞNi→ℓ¯φ¯](1− feqℓ )(1 + feqφ )feqNi
+ 2
∫
dΠp1k1p2k2ℓφℓφ (2π)
4 δ(p1 + k1 − p2 − k2)
× [Ξ′ℓ¯φ¯→ℓφ − Ξ′ℓφ→ℓ¯φ¯](1− feqℓ )(1 + feqφ )feqℓ feqφ .
We can exploit the unitarity of the S-matrix and CPT -
symmetry to obtain a requirement for a consistent ap-
proximation of the decay and scattering amplitudes. To
1 The two pictures might seem equivalent for leptogenesis, but the
first one implies that the Boltzmann equation for Majorana neu-
trino decay miscounts the rate as well. This is not corrected
by the RIS subtraction of ℓφ ↔ ℓ¯φ¯ processes. However the
corresponding correction appears at order ǫ2i , which is usually
neglected.
2 In order to achieve exact thermal equilibrium, in this section we
drop the 3HnL contribution which describes the dilution due to
the expansion of the universe.
this end we multiply Eq. (B4), which follows from the
generalized optical theorem at order h4, by feqℓ f
eq
φ and
integrate over dΠℓk dΠ
φ
p . Assuming Maxwell-Boltzmann
equilibrium distributions we may use feqℓ f
eq
φ = f
eq
Ni
in
the presence of the energy conserving Dirac-delta on the
right-hand-side:
∑
i
∫
dΠpkqℓφNi(2π)
4δ(p+ k − q)
× [ΞNi→ℓφ − ΞNi→ℓ¯φ¯]feqNi
= −
∫
dΠp1k1p2k2ℓφℓφ (2π)
4δ(p1 + k1 − p2 − k2)
× [Ξ′ℓ¯φ¯→ℓφ − Ξ′ℓφ→ℓ¯φ¯]feqℓ feqφ . (20)
We see that imposing this as a condition for the scatter-
ing amplitudes will correctly yield dnL/ dt|eq = 0 if we
neglect the quantum-statistical terms in (19). Equation
(19) represents the zeroth-order term in an expansion
about equilibrium. Using Eq. (20) we can therefore ob-
tain consistent equations at this order without the need
to specify the detailed form of Ξ
′
ℓ¯φ¯→ℓφ and Ξ
′
ℓφ→ℓ¯φ¯. At
higher order (for washout contributions) we also need to
know the sum Ξ
′
ℓ¯φ¯→ℓφ + Ξ
′
ℓφ→ℓ¯φ¯, see Sec. IV. We know
from Sec. II that relation (20) can be satisfied by sub-
tracting RIS contributions from the tree-level two-body
scattering amplitudes and taking the zero width limit:
Ξ
′
ℓ¯φ¯→ℓφ = Ξℓ¯φ¯↔ℓφ
−∑i Ξℓ¯φ¯→Ni πδ(s−M2i )2MiΓi ΞNi→ℓφ , (21a)
Ξ
′
ℓφ→ℓ¯φ¯ = Ξℓφ↔ℓ¯φ¯
−∑i Ξℓφ→Ni πδ(s−Mi2)2MiΓi ΞNi→ℓ¯φ¯ . (21b)
Note that, strictly speaking, the RIS terms in Eq. (12)
include 4(p1p2)/M
2
i factors. However, upon the phase
space integration in Eq. (20) the two expressions give
identical results and are therefore equal in an average
sense. It is obvious from comparison of Eqs. (19) and (20)
that the above definition of the RIS subtracted scattering
amplitudes is not sufficient to guarantee zero asymmetry
in equilibrium if quantum-statistical terms are included.
However this can be achieved if we replace the vacuum
decay width in Eq. (21) by the thermal one [10, 47]:
Γi = Γi(q) ≡
1
2gNMi
∫
dΠℓp dΠ
φ
k (2π)
4δ(q − p− k)
× [ΞNi→ℓφ + ΞNi→ℓ¯φ¯](1− feqℓ + feqφ ) .(22)
Using the identity 1 =
∫
ds
∫
d4qδ+(q
2−s)δ(q−p−k) and
the fact that the (inverse) decay amplitudes are related
by CPT -symmetry we can rewrite the RIS-contribution
7to the second term of Eq. (19) in the form:
−
∫
ds
∫
d4q
(2π)3
δ+(q
2 − s)
∑
i
δ(s−M2i )
2MiΓi
×
∫
dΠℓp1 dΠ
φ
k1
(2π)4δ(q − p1 − k1)
× feqℓ feqφ
[
ΞNi→ℓφ + ΞNi→ℓ¯φ¯
]
×
∫
dΠℓp2 dΠ
φ
k2
(2π)4δ(q − p2 − k2)
× (1− feqℓ )(1 + feqφ )
[
ΞNi→ℓφ − ΞNi→ℓ¯φ¯
]
. (23)
The integration over s is trivial. The δ+(q
2 − s) term
ensures that after integration over dq0 the intermediate
Majorana neutrino is on-shell, q2 = M2i . Using f
eq
ℓ f
eq
φ =
feqNi(1 − f
eq
ℓ + f
eq
φ ) together with the definition (22) we
can rewrite the second term of Eq. (23) as 2gNMiΓif
eq
Ni
which cancels the factors coming from RIS subtraction.
The resulting expression reads
−2
∑
i
∫
dΠpkqℓφNi(2π)
4 δ(p+ k − q)
× [ΞNi→ℓφ − ΞNi→ℓ¯φ¯](1− feqℓ )(1 + feqφ )feqNi ,
and cancels the first term on the right-hand side of
Eq. (19). Since Ξ
ℓ¯φ¯→ℓφ = Ξℓφ→ℓ¯φ¯ at O(h4) the new
RIS subtracted source-term for the asymmetry vanishes
in equilibrium.
The thermal width Γi defined in Eq. (22) would also
be obtained if one computes it using thermal cutting
rules instead of the optical theorem (which applies in vac-
uum), see Appendix B.3 We have seen that the unitarity
of the S-matrix can be employed to generalize the con-
cept of RIS subtraction to rate equations which include
quantum-statistical factors. As we shall see in Sec. VII,
the Majorana neutrino decay is at high temperature re-
placed by Higgs decay if the Higgs acquires a large ef-
fective thermal mass. In this case thermal cutting rules
enforce relations between the amplitudes which can be
used to obtain consistent equations, analogous to the op-
tical theorem, see Appendix B.
Note again that in Eq. (23) we had to assume that
the Majorana neutrinos are in exact thermal equilibrium.
For leptogenesis this is an inconsistent assumption since
the deviation of their distribution from equilibrium real-
izes the third Sakharov condition and drives the gener-
ation of the asymmetry. Not surprisingly, the NEQFT
approach leads to a (slightly) different result for the ki-
netic equations. However the differences between the two
approaches enter only at an order beyond the usual ap-
proximation as we will discuss in the next section.
3 Note in this context that the computation of the self-energy con-
tribution to the CP-violating parameter in thermal QFT is in
effect only a variation of this [22].
IV. RATE EQUATIONS
In this section we review the derivation of rate equa-
tions, discuss in how far quantum-statistical and medium
corrections can be incorporated, and compare the struc-
ture obtained when starting from the NEQFT result
(1) with the conventional form. Solving a system of
Boltzmann-like equations in general requires the use of
numerical codes capable of treating large systems of stiff
differential equations for the different momentum modes
– a cumbersome task if one wants to study a wide range
of model parameters. In the context of baryogenesis, a
commonly employed simplification is to approximate the
Boltzmann equations by the corresponding network of
‘rate equations’ for number densities na or abundances
Ya ≡ na/s, where s is the comoving entropy density. The
resulting equations correspond to the hydrodynamical
limit of the Boltzmann kinetic equations, in the comov-
ing frame of homogeneous FRW space-time. To obtain
evolution equations for Ya in the conventional approach,
i.e. from Eq. (9), we therefore integrate the corresponding
Boltzmann equations over gad
3p/[Ep(2π)
3] to obtain, on
the left-hand sides:
dna
dt
+ 3Hna =
sH
z
dYa
dz
,
where we have introduced the dimensionless inverse tem-
perature z = M1/T and the Hubble rate H = H |T=M1 .
In the homogeneous and isotropic Universe the derivative
of the quantity YL ≡ nL/s can be related to the diver-
gence of the lepton-current jµL = (nL,
~0) – a quantity
which is particularly easy to access in the first-principles
computation – by
DµjµL(t) =
sH
z
dYL
dz
.
On the right-hand sides we get sums of integrated colli-
sion terms representing the effect of the different inter-
actions. We separate contributions attributed to decays
and scattering:
dYL
dz
=
∑
i
dYLi
dz
∣∣∣∣
D
+
dYL
dz
∣∣∣∣
S
.
The decay contributions dYLi/dz
∣∣
D
to dYL/dz are very
similar to the decay contributions dYNi/dz
∣∣
D
to dYNi/dz
and we can treat them in the same way. Reordering the
contributions to dYLi(Ni)/dz
∣∣
D
we find
sH
z
dYLi
Ni
dz
∣∣∣∣
D
=
sH
z
dYLi
Ni
dz
∣∣∣∣
D,extra
(24)
+
∫
dΠqkpNiφℓ
[±ΞNi⇄ℓφFpk;qℓφ↔Ni − ΞNi⇄ℓ¯φ¯Fpk;qℓ¯φ¯↔Ni] ,
8where the upper (lower) signs and arrows correspond to
the rate equations for L (Ni) abundance and we defined
sH
z
dYLi
dz
∣∣∣∣
D,extra
≡
∫
dΠqkpNiφℓ (2π)
4 δ(q − k − p) (25)
× (ΞNi→ℓφ − Ξℓφ→Ni)(1− fNi)[fφfℓ + fφ¯fℓ¯] ,
which corresponds to Eq. (8), as well as
sH
z
dYNi
dz
∣∣∣∣
D,extra
≡
∫
dΠqkpNiφℓ (2π)
4 δ(q − k − p)
× (Ξℓφ→Ni − ΞNi→ℓφ)
× fNi
[
(1− fℓ)(1 + fφ)− (1− fℓ¯)(1 + fφ¯)
]
. (26)
We used CPT -symmetry of the amplitudes in the deriva-
tion of Eqs. (25) and (26). Later we will see that the
second term in Eq. (24) appears also in the first-principle
approach, compare Eq. (1), while the terms in Eqs. (25)
and (26) are absent. This motivates the separation into
‘regular’ and ‘extra’ terms performed in Eq. (24). For the
contributions attributed to scattering we get:
sH
z
dYL
dz
∣∣∣∣
S
=
sH
z
dYL
dz
∣∣∣∣
S,extra
(27)
+
∫
dΠkpqrℓφℓφ
(
Ξ
′
ℓ¯φ¯→ℓφ + Ξ
′
ℓφ→ℓ¯φ¯
)Fkp;qr
ℓφ↔ℓ¯φ¯
+
∫
dΠkpqrℓℓφφ
[
Ξℓℓ→φ¯φ¯Fkp;qrℓℓ↔φ¯φ¯ − Ξℓ¯ℓ¯→φφF
kp;qr
ℓ¯ℓ¯↔φφ
]
,
with
sH
z
dYL
dz
∣∣∣∣
S,extra
= (28)
+
∫
dΠkpqrℓφℓφ (2π)
4δ(k + p− q − r)(Ξ′ℓ¯φ¯→ℓφ − Ξ′ℓφ→ℓ¯φ¯)
× [(1 − fℓ)(1 + fφ)fℓ¯fφ¯ + (1− fℓ¯)(1 + fφ¯)fℓfφ] ,
corresponding to Eq. (13). Again, Eq. (28) does not ap-
pear in the first-principle approach. Since in equilib-
rium the regular terms in each of Eqs. (24) and (27) van-
ish by detailed balance we retain Eq. (19) in the sum
of decay and scattering contributions. The latter van-
ishes as well in equilibrium if we adopt e.g. Eq. (21)
with thermal width for the RIS subtracted amplitudes
Ξ
′
ℓ¯φ¯→ℓφ, Ξ
′
ℓφ→ℓ¯φ¯. Out of equilibrium the last terms con-
stitute a structural difference compared to the results ob-
tained from first-principles. This difference carries over
to the rate equations. We will therefore analyze these
contributions separately.
The computational advantage of rate equations over
full Boltzmann equations is maximized by a number of
common approximations. In particular, assuming that
all species are close to equilibrium and that the Ma-
jorana neutrino distribution function fNi(t, |~q|) is pro-
portional to its equilibrium distribution for all values
of the momentum |~q|. The temperature for all kinetic
equilibrium distributions is set to a common value T
while finite deviations of the chemical potential with
small µ/T are permitted. These approximations result
for µℓ/T, µφ/T, µNi/T ≪ 1 in a closed network of rate
equations for the abundances of the form (compare with
[9, 10, 41, 43]):
sH
z
dYL
dz
=
∑
i〈ǫi γDNi〉
(
YNi
Y eqNi
− 1
)
(29a)
− YL
2 Y eqℓ
(1 + cφℓ)cℓ
(∑
i〈γWNi〉+ 4〈γ′ℓφℓ¯φ¯ 〉+ 4〈γ ℓ¯ℓ¯φφ〉
)
,
sH
z
dYNi
dz
= −〈γDNi〉
(
YNi
Y eqNi
− 1
)
, (29b)
where we have introduced
ǫi ≡
ΞNi→ℓφ − ΞNi→ℓ¯φ¯
ΞNi
, (30a)
ΞNi ≡ ΞNi→ℓφ + ΞNi→ℓ¯φ¯ . (30b)
The factor cℓ ≡ 9ζ(3)/π2 ≈ 1.1 (we neglect the thermal
lepton masses here) relates the chemical potential of the
leptons to their number density,
µℓ
T
≈ cℓ · YL
2Yℓ
,
and the coefficient cφℓ takes into account that in the SM
the chemical potentials of leptons and Higgs are related
by µφ = cφℓ · µℓ with cφℓ = 4/7 through equilibrium
gauge, Yukawa and sphaleron interactions [48–50].
Hence, the evolution of the abundances close to equi-
librium is roughly governed by a few average quantities
called reaction densities which describe decay and scat-
tering processes. We will refer to 〈ǫi γDNi〉, 〈γDNi〉, 〈γWNi〉
as CP -violating decay reaction density, decay reaction
density and washout reaction density respectively. For
comparison with standard results we want to maintain
the form of Eqs. (29) and repeat their derivation from
Eqs. (24) and (27) to obtain expressions for the reaction
densities which take the quantum statistical factors of
the Boltzmann equation into account. This is important
in the present context because the thermal corrections
to the CP -violating parameter, to be derived later, are
of a similar kind. To this end we use that the SM gauge
and Yukawa interactions keep the Higgs and leptons very
close to kinetic equilibrium:
fa =
(
e(Ep−µa)/T + ξa
)−1
,
with a common temperature Tℓ = Tφ = T and chemical
potentials µℓ = −µℓ¯, µφ = −µφ¯. We shall also use feqa for
the equilibrium distribution functions with zero chemical
potential defined in Eq. (18).
Since a chemical potential with positive sign will ap-
pear for either the Higgs or its antiparticle, we need to
include at least the thermal mass of the Higgs to be con-
sistent. In the dense plasma gauge-, Yukawa- and Higgs
9self-interactions induce a large thermal Higgs mass of
about 0.4T . With µφ/T ∼ µℓ/T ∼ ǫvaci ≪ mφ/T ∼ 0.4,
the Higgs cannot acquire a condensate component. It
is then safe to use a Bose-Einstein equilibrium distribu-
tion function to describe the distribution of the Higgs
particles. Using that (1 − ξafa) = exp((Ek − µa)/T )fa
and hence, for a general decay collision term N ↔ ab
in the presence of the energy conserving Dirac-delta,4
fafb = exp((µa+µb)/T )(1−ξafa)(1−ξbfb) feqN /(1−feqN ),
we may write:∫
dΠqpkNabΞab⇆NFpk;qab↔N =∫
dΠqpkNab (2π)
4 δ(q − k − p)Ξab⇆N
× (1 − ξafa)(1− ξbfb)
[
fN − feqN
(1− ξNfN )feqN
− (eµa+µbT − 1)
]
× (1 − ξNfN)
feqN
(1− ξNfeqN )
. (31)
We can now expand the exponential in square brackets
in the small quantity (µa + µb)/T . If this quantity is
tiny at all times the integral (31) will not change much
if we neglect quadratic and higher order terms.5 For the
zeroth-order (first) term in square brackets we use the
linear expansion (1 − ξafa)(1 − ξbfb) ≈ (1 − ξafeqa )(1 −
ξbfeqb )
[
1 − (ξa µaT feqa + ξb µbT feqb )
]
of the prefactor. The
linear order (second) term in square brackets will appear
preceded by just the zeroth-order factor (1 − ξafeqa )(1 −
ξbfeqb ) = fab(1− ξNfeqN ) with
fab ≡ (1− ξafeqa − ξbfeqb ) . (32)
To write the results in a compact form we introduce de-
cay reaction densities with quantum-statistical factors in-
cluded:
〈XγDNi〉 ≡
∫
dΠpkqℓφNi (2π)
4δ(q − k − p)XΞNifeqNifℓφ, (33)
and
〈XγWNi〉 ≡
〈
X(1− feqNi)γDNi
〉
(34)
=
∫
dΠpkqℓφNi (2π)
4δ(q − k − p)XΞNi(1− feqNi)f
eq
Ni
fℓφ ,
where ΞNi is the total Majorana decay amplitude. Simi-
larly we define the scattering reaction densities as
〈Xγabij 〉 ≡
∫
dΠkpqrabij (2π)
4δ(k + p− q − r)XΞab↔ij
×(1 − ξafeqa )(1− ξbfeqb )feqi feqj . (35)
4 N , a and b can be any species for which the above conditions
apply. Here we identify N = Ni, a ∈ {ℓ, ℓ¯}, b ∈ {φ, φ¯}.
5 By inserting equilibrium distribution functions for leptons and
Higgs in the derivation of the CP-violating parameter we will
neglect terms of the order ǫvaci (µℓ + µφ)/T as well.
Since Ξab↔ij refers here to a CP-symmetric (tree-level)
amplitude squared we have 〈Xγabij 〉 = 〈Xγijab〉 if X is sym-
metric as well.
With help of Eq. (C2) we may separate the contribu-
tions to dYLi/dz
∣∣
D
into terms proportional to ∆fNi ≡
(fNi − f
eq
Ni
), terms proportional to ∆fNi · µℓT , or just pro-
portional to µℓ/T (see AppendixC for details):
sH
z
dYLi
dz
∣∣∣
∆fNi
=
〈
ǫi
∆fNi
feqNi
γDNi
〉
, (36a)
sH
z
dYLi
dz
∣∣∣
∆f
Ni
µℓ
T
=
µℓ
T
〈
(cφℓf
eq
φ − feqℓ )
∆fNi
feqNi
γDNi
〉
, (36b)
sH
z
dYLi
dz
∣∣∣
µℓ
T
= −µℓ
T
(1 + cφℓ)
〈
(1− fNi)
(1− feqNi)
γWNi
〉
. (36c)
In addition we get with Eq. (C4) for the extra term in
Eq. (24):
sH
z
dYLi
dz
∣∣∣
D,extra
= 2
〈
(1− fNi)ǫiγDNi
〉
.
Equations (36) describe the generation of a net asym-
metry due to out of equilibrium decays of heavy Majo-
rana neutrinos. Once µℓ/T has a non-zero value, there
will be a slight difference in the decay rates to particles
and antiparticles respectively which is not due to CP -
violation in the decay amplitude, but due to the pres-
ence of slightly different occupation numbers of leptons
and Higgs in the final states of the decays. At linear order
this combined effect of blocking and stimulated emission
is accounted for by Eq. (36b). Depending on the ‘typical’
sign of (cφℓf
eq
φ −feqℓ ) it can add to or diminish an existing
asymmetry. Finally, Eq. (36c) describes washout due to
inverse decays. In Sec. V we will see that the functional
dependence on fℓφ = (1 + f
eq
φ − feqℓ ) in the integrated
collision terms is the same as that encountered in the
CP -violating parameter ǫi itself.
Considering the last two terms in Eq. (27) we find for
the scattering contributions:
sH
z
dYL
dz
∣∣∣
S,
µℓ
T
= −4µℓ
T
(1 + cφℓ)
[〈γ′ℓφ
ℓ¯φ¯
〉+ 〈γℓℓℓ¯φ¯〉
]
, (37)
where we defined the ‘RIS subtracted reaction density’
〈γ′ℓφ
ℓ¯φ¯
〉. If we adopt the amplitudes defined in Eq. (21) in
the framework of RIS subtraction, it is given by
〈γ′ℓφ
ℓ¯φ¯
〉 ≡
〈[
1−
∑
i
π(1 + ǫ2i )ΞNi
4Ξ
ℓφ↔ℓ¯φ¯MiΓi
δ(s−M2i )
]
γℓφ
ℓ¯φ¯
〉
.
Note that the contribution proportional to ǫ2i is of higher
order in h. Furthermore, we get for the extra term:
sH
z
dYL
dz
∣∣∣
S,extra
≈ − 2
∑
i
〈
(1− feqNi)ǫiγDNi
〉
(38)
+ 2
µℓ
T
∑
i
〈
ǫi
(
feqℓ − cφℓfeqφ + feqℓ − cφℓfeqφ
)
γWNi
〉
.
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Here we used〈 (16π)2pqΞNiδ(s−M2i )
g2wM
2
i Ξℓφ↔ℓ¯φ¯
γℓφ
ℓ¯φ¯
〉
= 〈γWNi〉 .
We have written Eq. (38) schematically in order to show
how it compares to other washout terms. Note that the
extra terms indicate that there will be a slight difference
between the equations obtained in the 2PI approach and
those obtained with RIS subtraction at finite tempera-
ture. Comparing Eqs. (38) and (37) we see that the first
term in the former equation will cancel the latter con-
tribution in thermal equilibrium (fNi = f
eq
Ni
) if the de-
cay contributions are summed up. The second term in
Eq. (38) is due to quantum statistics. Since it is pro-
portional to ǫiµ/T it can be large only if ǫi is large (as
in the case of resonant leptogenesis). Anticipating our
knowledge about the structure obtained within NEQFT,
we will ignore the extra term in what follows.
At the time being, everything is still exact with re-
spect to deviations of fNi from equilibrium. This dis-
tribution is necessarily distorted due to the fact that
it is subject to conflicting equilibrium conditions corre-
sponding to the decay into particles and antiparticles,
by the effects of the expansion and, possibly, due to
non-equilibrium initial conditions. In order to obtain
the full momentum-dependent distribution function we
would have to solve the corresponding full kinetic equa-
tions however [20, 21, 51–53].
To proceed we shall as usual assume that the devia-
tion of the Majorana neutrinos from equilibrium is small.
This allows us to neglect the ∆fNi
µℓ
T contribution (36b)
and to replace fNi → feqNi in Eq. (36c). The extra terms
cancel at this level of approximation up to the quantum-
statistical term. In order to bring the remaining source-
term Eq. (36a) into the conventional form, we need to
assume that the non-equilibrium distribution of the Ma-
jorana neutrino is proportional to its equilibrium value
(with momentum independent prefactor)6
fNi ≡
nNi
neqNi
feqNi .
With this approximation we can write〈
X
∆fNi
feqNi
γ
〉
=
(
YNi
Y eqNi
− 1
)
〈Xγ〉 .
The total contribution to the evolution equations for the
lepton asymmetry is then given by
dYL
dz
=
∑
i
(
dYLi
dz
∣∣∣
∆f
Ni
+
dYLi
dz
∣∣∣
µℓ
T
)
+
dYL
dz
∣∣∣
S,
µℓ
T
,
6 This amounts to the assumption that its shape can, in terms
of its quantitative effect on the integrated collision terms, ef-
fectively be captured by a Maxwell-Boltzmann distribution with
(small) ‘pseudo-chemical potential’ [44]. Strictly speaking, it im-
plies that we need to revert to a classical distribution function
for the Majorana neutrinos.
i.e. we obtain Eq. (29a). We see that, at this level of
approximation, there are no contributions due to extra
terms apart from those which cancel due to the RIS-sub-
traction. Quantitative differences can arise if the devia-
tion of the Majorana neutrinos from equilibrium is large
or ǫi is of order 1. For the evolution of the Majorana
neutrino we obtain with AppendixC, similar to Eq. (36),
the decay contributions
sH
z
dYNi
dz
∣∣∣
∆fNi
= −
〈
∆fNi
feqNi
γDNi
〉
, (39a)
sH
z
dYNi
dz
∣∣∣
∆f
Ni
µℓ
T
= −µℓ
T
〈
ǫi(cφℓf
eq
φ − feqℓ )
∆fNi
feqNi
γDNi
〉
,
(39b)
sH
z
dYNi
dz
∣∣∣
µℓ
T
= +
µℓ
T
(1 + cφℓ)
〈
ǫi
(1− fNi)
(1− feqNi)
γWNi
〉
, (39c)
and for the extra term in Eq. (24):
sH
z
dYNi
dz
∣∣∣
D,extra
= −2µℓ
T
(1 + cφℓ)
〈
ǫi
(1− fNi)
(1− feqNi)
γWNi
〉
− 2µℓ
T
〈
ǫi(cφℓf
eq
φ − feqℓ )
∆fNi
feqNi
γDNi
〉
. (40)
Neglecting again ∆fNi
µℓ
T and ǫi
µℓ
T contributions we ob-
tain
dYNi
dz
=
dYNi
dz
∣∣∣
∆fNi
,
i.e. Eq. (29b). If higher order contributions are taken
into account, we get a difference between the conven-
tional equations and those derived in the 2PI-formalism.
Ignoring the contribution (39b) and the second term in
Eq. (40), which are due to quantum statistics, we obtain
a contribution
∓ YL
2 Y eqℓ
〈ǫi γWNi〉 ,
to dYNi/dz. Here the upper sign applies if the extra
terms are included and the lower sign if not. This can
therefore result in the inclusion of this term with wrong
sign even if quantum statistics are neglected, compare
e.g. [41].7
The reaction densities for decay, 〈ǫi γDNi〉, 〈γDNi〉, 〈γWNi〉,
and scattering, 〈γ′ℓφ
ℓ¯φ¯
〉, 〈γℓℓ
φ¯φ¯
〉, represent the hydrodynami-
cal coefficients which govern the evolution of the number
densities (abundances). We will compute them numeri-
cally once the additional medium dependence of the am-
plitudes (in particular the CP -violating parameters) has
7 The origin of this difference is that no RIS subtraction alike is
performed for the Boltzmann equation of the heavy Majorana
neutrino.
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been derived. In addition, it is useful to define a ther-
mally averaged CP -violating parameter as
〈ǫi〉 ≡
〈ǫiγDNi〉
〈γDNi〉
,
which equals ǫi if it is momentum independent, such as
in the zero temperature case, but will differ once ther-
mal effects are included. This quantity is meaningful
for the comparison with conventional results because it
takes into account that the deviation of the Majorana
neutrino abundance from equilibrium, which appears in
the source-term for the lepton abundance, is influenced
by the (CP -conserving) decay reaction density in the de-
nominator.
Inserting conventional vacuum amplitudes in Eqs. (29)
with Eqs. (33) and (34) and dropping quantum-statistical
factors one obtains the conventional results for the reac-
tion densities. For the readers convenience we quote them
here. For the decay reaction density we obtain
〈γWNi〉 = 〈γDNi〉 ≈
gN
2π2
M2i ΓiTK1
(
Mi
T
)
, (41)
and 〈ǫi γDNi〉 = ǫi〈γDNi〉, see Appendix A. For the two-body
scattering the reaction density is given by
〈γabij 〉 ≈
T
64π4
∞∫
smin
ds
√
sK1
(√
s
T
)
σˆ(s) , (42)
where σˆ(s) is so-called reduced cross section:
σˆ(s) ≡ 1
8π
2π∫
0
dϕai
2π
t+∫
t−
dt
s
|M|2ab↔ij . (43)
For the ℓℓ↔ φ¯φ¯ process it reads
σˆ =
1
2π
∑
ℜ(h†h)2ij
√
aiaj (44)
×
{
1
ai − aj ln
(
ai(x+ aj)
aj(x+ ai)
)
+
1
2
1
x+ ai + aj
ln
(
(x + ai)(x + aj)
aiaj
)}
,
where we have replaced s by x ≡ s/M21 and introduced
dimensionless quantities ai ≡M2i /M21 and ci ≡ Γi/Mi =
(h†h)ii/8π. The case i = j is included in this expres-
sion in the limiting sense aj → ai. Note that Eq. (44)
only contains the real part of (h†h)2. The contribution
of the imaginary part vanishes because ℑ(h†h)2ij is anti-
symmetric with respect to i↔ j whereas the sum in the
curly brackets is symmetric under this transformation.
The integration of Eq. (16) yields for the reduced ‘RIS
subtracted cross section’ of the ℓφ↔ ℓ¯φ¯ process:
σˆ′ =
1
4πx
∑
ℜ(h†h)2ij
√
aiaj (45)
×
{
x2
(x− ai)(x− aj) + (1− 2δij)aiajcicj
[(x − ai)2 + (aici)2] [(x− aj)2 + (ajcj)2]
+ 2
x+ ai
aj − ai ln
(
x+ ai
ai
)
+ 2
x+ aj
ai − aj ln
(
x+ aj
aj
)
+
x− ai
(x− ai)2 + (aici)2
[
x− (x + aj) ln
(
x+ aj
aj
)]
+
x− aj
(x− aj)2 + (ajcj)2
[
x− (x + ai) ln
(
x+ ai
ai
)]}
.
The reduced ‘cross section’ (45) is negative8 in the vicin-
ity of the mass shells, x ≈ ai. This is due to the−(MiΓi)2
term in the numerator of the RIS subtracted propaga-
tor (14). Note that because we have not approximated
this term by the Dirac-delta the structure of Eq. (45) is
slightly different from the one usually used in the litera-
ture [41].
V. NON-EQUILIBRIUM QFT APPROACH
In this section we briefly review the description of lep-
togenesis within non-equilibrium quantum field theory
[54–57]. This framework has been shown recently to be
suitable for the derivation of quantum dynamic equa-
tions for the lepton asymmetry within a first-principle ap-
proach, and to incorporate medium, off-shell, coherence
and possibly further quantum effects in a self-consistent
way [19–28, 58–63]. We continue these efforts by deriv-
ing consistent quantum corrected Boltzmann equations
that describe the generation and washout of the lepton
asymmetry and include the (inverse) decay as well as
scattering processes mediated by Majorana neutrinos.
A. CTP and propagators
The lepton asymmetry is given by the µ = 0-compone-
nt of the expectation value of the lepton-current operator:
jµL(x) =
〈∑
α,a
ℓ¯aα(x)γ
µℓaα(x)
〉
.
It can be expressed in terms of the leptonic two-point
function. We define the two-point functions for the Higgs,
8 Note that σˆ′ is not a physical cross section but denotes the con-
tribution to the reaction density arising from the difference of
the full and the RIS term. We stress that all physical rates are
manifestly positive, e.g. the washout term, to which σˆ′ yields
a sub-leading correction that is relatively suppressed by Yukawa
couplings. See also [41].
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lepton and Majorana fields with time arguments attached
to the closed time path (CTP) shown in Fig. 4 by
∆ab(x, y) = 〈TCφa(x)φ∗b(y)〉 , (46a)
Sαβab (x, y) = 〈TCℓaα(x)ℓ¯bβ(y)〉 , (46b)
S
ij(x, y) = 〈TCNi(x)N¯j(y)〉 , (46c)
where the sub- and superscripts refer to SU(2)L and fla-
vor indices and TC denotes time-ordering with respect to
the CTP. We will frequently use matrix notation for the
tmaxtinit
t
FIG. 4: Closed time path.
flavor indices, where e.g. Sˆ denotes the flavor-matrix
S ij , etc. Using the definition (46b) we find for the
lepton-current:
jµL(x) = −
∑
α,a
tr [γµS
αα
aa (x, x)] .
Two-point functions G(x, y) (where G stands for ∆, S
or S ) defined on the CTP can be decomposed into a
spectral function Gρ and statistical propagator GF :
G(x, y) = GF (x, y)− i
2
sgnC(x
0 − y0)Gρ(x, y) . (47)
The signum function is either +1 or −1 depending on
whether x0 or y0 occur ‘later’ on the contour C. GF and
Gρ encode information on the state and the spectrum of
the system, respectively. For example, for the leptons
they are given by
SαβabF (x, y) =
1
2
〈[ℓaα(x), ℓ¯bβ(y)]−〉 ,
Sαβab ρ(x, y) = i〈
[
ℓaα(x), ℓ¯
b
β(y)
]
+
〉 ,
where [., .]± denote (anti-)commutators. Statistical and
spectral functions of Majorana neutrino and Higgs can be
expressed similarly, with + and − exchanged for bosons.
Although there are only two independent two-point func-
tions for each species, it is convenient to introduce addi-
tional combinations of them, namely theWightman func-
tions
G≷(x, y) = GF (x, y)∓
i
2
Gρ(x, y) , (48)
as well as retarded and advanced functions,
GR(x, y) = Θ(x
0 − y0)Gρ(x, y) , (49a)
GA(x, y) = −Θ(y0 − x0)Gρ(x, y) . (49b)
From the above definitions one can see that the differ-
ence of the retarded and advanced propagators gives the
spectral one, whereas the sum yields the hermitian prop-
agator Gh(x, y):
GR(x, y)−GA(x, y) = Gρ(x, y) , (50a)
GR(x, y) +GA(x, y) = 2Gh(x, y) . (50b)
Finally, we will also need the CP conjugated propagators
on the CTP:
∆¯ab(x, y) ≡ ∆ba(y¯, x¯) , (51a)
S¯αβab (x, y) ≡(CP )Sβαba (y¯, x¯)T (CP )−1 , (51b)
S¯
ij(x, y) ≡ (CP )S ji(y¯, x¯)T (CP )−1 . (51c)
Here x¯ = (x0,−~x), C = iγ2γ0 and P = γ0 are the charge
conjugation and parity matrices, respectively, and the
transposition refers to spinor indices. CP conjugated sta-
tistical and spectral functions immediately follow from
the above definition by inserting the decomposition (47).
B. Kadanoff-Baym equations for leptons
The time-evolution of the two-point functions is de-
scribed self-consistently by the Kadanoff-Baym (KB)
equations. These equations can be obtained from a
variational principle using the so-called 2PI effective
action [64]. The resulting equations of motion have
the form of Schwinger-Dyson equations for the non-
equilibrium propagators formulated on the CTP:
Sˆ−1(x, y) = Sˆ−10 (x, y)− Σˆ(x, y) . (52)
Here Sˆ−1(x, y) is the inverse of the full lepton propagator
in coordinate space, and Sˆ−10 (x, y) is the inverse of the
free lepton propagator,
Sˆ−10 (x, y) = δabδ
αβ /∂xδC(x− y)PL .
The information about the interaction processes is en-
coded in the self-energies Σ. They can be obtained by
cutting one line of the 2PI contributions to the effective
actions. The two- and three-loop contributions are pre-
sented in Fig. 5.
The KB equations can be obtained by convoluting
the Schwinger-Dyson equation with the full propagator,
which yields:
/∂xS
αβ(x, y) =
δαβδC(x− y) +
∫
C
d4zΣαγ(x, z)Sγβ(z, y) .
Here
∫
C d
4z =
∫
C dz
0
∫
d3z. After decomposing the re-
sulting equation into statistical and spectral components,
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FIG. 5: Two- and three-loop contributions to the 2PI effective
action and the corresponding contributions to the lepton self-
energy. Note that the propagator lines used here denote full
resummed propagators in contrast to those employed in the
previous Feynman graphs. The contributions (a) and (c) to
the 2PI effective action are known as ‘setting-sun’ and ‘mer-
cedes’ diagrams respectively.
one obtains:
i/∂xS
αβ
F (x, y) =
∫ x0
0
d4zΣαγρ (x, z)S
γβ
F (z, y)
−
∫ y0
0
d4zΣαγF (x, z)S
γβ
ρ (z, y) , (53a)
i/∂xS
αβ
ρ (x, y) =
∫ x0
y0
d4zΣαγρ (x, z)S
γβ
ρ (z, y) . (53b)
The equations for Majorana and Higgs propagators have
a similar structure, with the Klein-Gordon instead of
the Dirac operator for the latter. The Schwinger-Dyson
equations (52) and the corresponding Kadanoff-Baym
equations (53) are formally very similar to the Schwinger-
Dyson equation in vacuum. However, out of equilibrium
the propagators depend not only on the relative coor-
dinate s = x − y, but also on the central coordinate
X = (x + y)/2, which makes their solution much more
involved. In contrast to the Schwinger-Dyson equation in
vacuum, the KB equations determine the spectral prop-
erties of the system including medium corrections, as well
as the non-equilibrium dynamics of the statistical prop-
agator self-consistently. Since the latter represents the
quantum field theoretical generalization of the classical
particle distribution functions, KB equations can be seen
as the quantum field theoretical generalizations of Boltz-
mann equations.
As pointed out above, an equation of motion for the
lepton asymmetry can be derived by considering the di-
vergence of the lepton-current DµjµL(x). Using the KB
equations (53) one obtains9:
DµjµL(x) = −gw limy→x(D
µ
x +Dµy )tr [γµSαα(x, y)]
= gw i
∫ x0
0
D
4z tr
[
Σαβρ (x, z)S
βα
F (z, x)
− ΣαβF (x, z)Sβαρ (z, x)− Sαβρ (x, z)ΣβαF (z, x)
+ SαβF (x, z)Σ
βα
ρ (z, x)
]
. (54)
Here summation over repeated indices is implicitly as-
sumed. The two equations above represent the quantum
generalization of the Boltzmann equation for the lepton
asymmetry. Thus, they may be considered as the mas-
ter equations for a quantum field theoretical treatment
of leptogenesis [19, 59].
The dependence of the two-point functions on the rel-
ative coordinate s is characterized by the hard scales like
the Majorana neutrino mass M1 or the temperature T of
the surrounding plasma. In contrast to that, the varia-
tion with the central coordinate X is given by the macro-
scopic time-evolution of the system, e.g. the Hubble rate
H or the Majorana decay rate Γ. Therefore, it is possi-
ble to perform an expansion in slow relative to fast time-
scales, i.e. in powers of e.g. Γ/M1 or H/T . Technically,
this can be realized by a so-called gradient or derivative
expansion with respect to X , and a Fourier transforma-
tion with respect to s, known as Wigner transformation,
see AppendixD for more details. Then, to leading or-
der in the gradients, the evolution equation (54) for the
lepton asymmetry becomes Markovian, and after some
straightforward algebra, can be written as
Dµjµℓ (t) = gw
∞∫
0
dp0
2π
∫
d3p
(2π)3
(55)
× tr{[Σαβ< (t, p)Sβα> (t, p)− Σαβ> (t, p)Sβα< (t, p)]
− [Σ¯βα< (t, p)S¯αβ> (t, p)− Σ¯βα> (t, p)S¯αβ< (t, p)]} .
Note that it is possible to investigate higher orders in
the derivative expansion systematically [24]. In Eq. (55)
all two-point functions are evaluated in Wigner space,
where p is the physical momentum [65] that corresponds
to s. For a spatially homogeneous system (like FRW) the
two-point functions depend only on the time coordinate
t = X0, and on the momentum p, because of spatial
translational invariance. Strictly speaking, this is true
only in the rest frame of the medium (comoving frame).
In a general frame the two-point functions depend on
9 We assume here that in FRW space-time the effects of the Uni-
verse expansion can be captured, to the required accuracy, by in-
troducing the invariant integration measure D4z ≡ √−gd4z and
using the covariant derivative Dµ. As has been demonstrated in
[65], this is the case for scalar fields. A manifestly covariant gen-
eralization of center and relative coordinates X and s to curved
space-time can be found in [66].
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X · u, where uµ is the four-velocity of the medium. The
latter satisfies the normalization condition uµuµ = 1, and
is given by u = (1, 0, 0, 0) in the medium rest frame.
In order to allow for a physical interpretation of
Eq. (55) we have written it such that the integration
is over positive frequencies only, and expressed the lep-
ton propagator and self-energy in terms of the Wigner
transformed Wightman functions Eq. (48). In ther-
mal equilibrium, the Wightman functions depend only
on the momentum p and satisfy the Kubo-Martin-
Schwinger (KMS) relation Gth> (p) = ±ep·u/TGth< (p) for
fermions/bosons, respectively. When inserting the KMS
relations for propagators and self-energies into Eq. (55),
one immediately finds that the divergence of the lepton-
current vanishes in thermal equilibrium as it should (see
also [23]). In other words, the quantum equation for
the lepton asymmetry is in accordance with the third
Sakharov condition. We emphasize that it is not neces-
sary to apply RIS subtraction to obtain this result within
the CTP approach [20, 21, 23].
The four terms on the right-hand side of Eq. (55) may
be interpreted as gain and loss terms of leptons and anti-
leptons respectively [20, 21]. In particular, one may de-
fine generalized lepton distribution functions fαβℓ (t, p) via
the so-called Kadanoff-Baym ansatz
Sαβ> = (1− fαβℓ )Sαβρ , Sαβ< = −fαβℓ Sαβρ . (56)
Thus the contribution on the right-hand side of Eq. (55)
that contains Sβα< corresponds to the lepton loss term,
while the contribution proportional to Sβα> represents the
lepton gain term. Analogous definitions relate the CP
conjugate propagators with the anti-lepton distribution.
Note that the KMS relations ensure that in equilibrium f
approaches the Fermi-Dirac distribution fαβℓ → δαβfeqFD.
The flavor off-diagonal components encode coherent fla-
vor correlations [28]. In the unflavored regime considered
here fαβℓ = δ
αβfℓ and S
αβ = δαβS . In the quasiparticle
(QP) approximation, the spectral function is given by
Sαβρ (t, p) = (2π) sign(p
0) δ(p2 −m2ℓ) δαβ PL/pPR
≡ Sρ δαβ PL/pPR , (57)
where we assume that leptons obey conventional dis-
persion relation and mℓ is the effective thermal mass.
These assumptions might be modified in the presence of
a medium [10, 67, 68].
Due to the presence of the Dirac-delta-function in
Eq. (57) the integration over p0 in Eq. (55) is trivial and
leaves only the integration over spatial momenta of on-
shell leptons. Therefore the right-hand side of Eq. (55)
can be interpreted as a difference of two (integrated)
Boltzmann-like equations – one for the particles and one
for the antiparticles [21]. According to the physical inter-
pretation of Eq. (55) in terms of gain and loss terms, the
Wightman components of the lepton self-energy and of
its CP conjugate are the analogs of the collision integrals.
Since we limit our analysis to the unflavored regime, it
is convenient to perform the summation over the flavor
indices: δαβΣαβ = Σαα ≡ Σ. Then the one-loop contri-
bution, see Fig. 5 (b), takes the form:
Σ
(1)
≷ (t, p) =−
∫
dΠ4k dΠ
4
q(2π)
4δ(p+ k − q)
× (h†h)ji PRS ij≷ (t, q)PL∆≶(t, k) , (58)
where dΠ4q ≡ d4q/(2π)4. The explicit expression for the
two-loop contribution is rather lengthy and it is conve-
nient to split it into three distinct terms:
Σ
(2)
≷ = Σ
(2.1)
≷ +Σ
(2.2)
≷ +Σ
(2.3)
≷ . (59)
The first term on the right-hand side reads
Σ
(2.1)
≷ (t, p) =
∫
dΠ4q dΠ
4
k (2π)
4δ(p+ k − q) (60)
× [(h†h)in(h†h)jmΛmn(t, q, k)PLCS ij≷ (t, q)PL∆≶(t, k)
+ (h†h)ni(h†h)mjPRS
ji
≷ (t, q)CPRVnm(t, q, p)∆≶(t, k)
]
,
where we have introduced two functions containing loop
corrections:
Λmn(t, q, k) ≡
∫
dΠ4k1 dΠ
4
k2 dΠ
4
k3
× (2π)4δ(q + k1 + k2) (2π)4δ(k + k2 − k3)
× [PRSmnR (t,−k3)CPRSTF (t, k2)∆A(t, k1)
+ PRS
mn
F (t,−k3)CPRSTR(t, k2)∆A(t, k1)
+ PRS
mn
R (t,−k3)CPRSTA(t, k2)∆F (t, k1)
]
,
and Vnm(t, q, k) ≡ P Λ†nm(t, q, k)P to shorten the nota-
tion. Comparing Eqs. (58) and (60) we see that they have
a very similar structure. First, the integration is over mo-
menta of the Higgs and Majorana neutrino and the delta-
function contains the same combination of the momenta.
Second, both self-energies include one Wightman propa-
gator of the Higgs field and one Wightman propagator of
the Majorana field. Upon the use of the Kadanoff-Baym
ansatz the Wightman propagators can be interpreted as
cut-propagators which describe on-shell particles created
from or absorbed by the plasma [69]. On the other hand,
the retarded and advanced propagators can be associated
with the off-shell intermediate states. We therefore con-
clude that Eqs. (58) and (60) describe (inverse) decays of
the heavy neutrino into a lepton-Higgs pair.
The second term on the right-hand side of Eq. (59)
contains two Wightman propagators of the Higgs field
and one Wightman propagator of the lepton field. The
Majorana propagator appears only in the intermediate
state:
Σ
(2.2)
≷ (t, p) =
∫
dΠ4p2 dΠ
4
k1 dΠ
4
k2(2π)
4δ(p+ k1 − p2 − k2)
× (h†h)ni(h†h)mj
[
PRS
ij
R (t, p2 + k2)CPRS
T
≶(t,−p2)PL
× CSmnA (t, p2 − k1)PL∆≶(t, k1)∆≶(t,−k2)
]
. (61)
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We therefore conclude that this term describes lepton
number violating scattering processes mediated by the
heavy neutrino. Finally the last term in Eq. (59) contains
two Wightman propagators of the Majorana field and
one of the lepton field, whereas the Higgs field is in the
intermediate state:
Σ
(2.3)
≷ (t, p) =
∫
dΠp2dΠk1dΠk2(2π)
4δ(p+ q1 − p2 − q2)
× (h†h)ij(h†h)lk
[
PRS
jk
≷ (t,−q1)CPRST≷(t, p2)PLC
×S li≷ (t, q2)PL∆A(t,−q2 − p2)∆R(t, q1 − p2)
]
. (62)
Therefore it can be identified with the Higgs mediated
scattering processes. These conserve lepton number and
do not contribute to generation of the lepton asymmetry.
The CP conjugate of the Wigner transforms can be
obtained using Eq. (51). In practice this amounts to re-
placing the propagators by their CP conjugate and the
couplings by their complex conjugate in the above expres-
sions. For instance for the CP conjugate of the one-loop
self-energy we find:
Σ¯
(1)
≷ (t, p) =−
∫
dΠ4k dΠ
4
q(2π)
4δ(k + p− q)
× (h†h)∗ji PRS¯ ij≷ (t, q)PL∆¯≶(t, k) . (63)
Expression for the CP conjugate of the two-loop lepton
self-energy can be obtained in a similar way.
For the Higgs propagators in the above self-energies we
can also use the Kadanoff-Baym ansatz,
∆> = (1 + fφ)∆ρ , ∆< = fφ∆ρ , (64)
and the simple quasiparticle approximation for the spec-
tral function,
∆ρ(t, k) = (2π) sign(k
0) δ(k2 −m2φ) , (65)
where mφ is the effective thermal mass. Effects of the
finite thermal Higgs mass will be studied in Sec. VII.
VI. MAJORANA CONTRIBUTION
In this section we will analyze the lepton number and
CP -violating (inverse) decay of the Majorana neutrino
as well as the two-body scattering processes mediated by
the heavy neutrino. In particular, we will derive expres-
sions for the in-medium CP -violating parameters, decay
widths and scattering amplitudes. We will also explicitly
demonstrate that the obtained equation for the lepton
asymmetry is free of the double-counting problem.
A. Decay at tree-level approximation
In the previous section we have used the Kadanoff-
Baym ansatz and quasiparticle approximation for the
Higgs and lepton fields. Let us now assume that similar
approximations also hold for Majorana neutrinos. That
is, we assume that in Eqs. (58) and (63) the spectral func-
tion S ijρ is diagonal in flavor space and can be approxi-
mated by
S
ij
ρ = (2π) sign(q
0)δ(q2 −M2i ) δij (/q +Mi) ,
and that it is related to the Wightmann components via
the Kadanoff-Baym ansatz:
S
ii
> = (1− fNi)S iiρ , S ii< = −fNiS iiρ .
Substituting Eqs. (58) and (63) in Eq. (55) and making
the above approximations we find after some algebra that
the lepton-current can be represented in the form:
DµjµL(t) =
∑
i
∫
dΠqpkNiℓφ
× [Ξℓφ↔NiFpk;qℓφ↔Ni − Ξℓ¯φ¯↔NiFpk;qℓ¯φ¯↔Ni] , (66)
where F have been introduced in Eq. (2) and we have
defined:
ΞTℓφ↔Ni ≡ gw(h†h)iitr[(/q +Mi)PL/p ] , (67a)
ΞTℓ¯φ¯↔Ni ≡ gw(h†h)iitr[(/q +Mi)PL/p ] . (67b)
The superscript ‘T’ stands for ‘tree-level’. The expression
(66) strongly resembles the Boltzmann equation. There-
fore the functions ΞTℓφ↔Ni and Ξ
T
ℓ¯φ¯↔Ni can be interpreted
as effective in-medium amplitudes squared, summed over
internal degrees of freedom, for the decays into leptons
and antileptons respectively. The two effective ampli-
×
∗
FIG. 6: Tree-level contribution.
tudes (67) can be replaced by the total decay amplitude
and the CP -violating parameter. Using Eq. (67) we find
that within the used approximations the resulting decay
amplitude coincides with the outcome of the vacuum cal-
culation, ΞNi = 4gw(h
†h)ii(pq), and that ǫi = 0.
In the presence of a nonzero lepton asymmetry fℓ 6= fℓ¯
and fφ 6= fφ¯. Therefore Fpk;qℓφ↔Ni 6= F
pk;q
ℓ¯φ¯↔Ni and this leads
to a washout of the asymmetry. Despite the fact that
Eq. (66) correctly describes the (leading-order) washout
processes, it fails to describe processes which gener-
ate lepton asymmetry: in the considered approximation
ǫi = 0 because the CP -violating effects, which are re-
quired to produce the asymmetry, are of fourth order
in the Yukawa couplings of the Majorana neutrino. In
Eq. (67) we have taken into account only terms quadratic
in the coupling. In other words, this approximation cor-
responds to the tree-level approximation in the canonical
approach.
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Terms of higher order in the couplings emerge from
three- and higher-loop contributions to the lepton self-
energy, see Eqs. (59)-(61), as well as from expansion of
the full Majorana propagators entering the self-energies.
B. Equilibrium solution for Majorana propagator
In order to define an effective CP-violating parameter
and decay width that incorporate medium corrections we
have to identify the quasiparticle excitations in the sys-
tem. To perform this analysis we follow the discussion of
the self-energy contribution within a toy-model as pre-
sented in [21]. As has been demonstrated there, it is
important to take the matrix structure of the Majorana
propagator in flavor space into account. Our starting
point is the Schwinger-Dyson equation for the Majorana
two-point function:
Sˆ
−1(x, y) = Sˆ −10 (x, y)− Πˆ(x, y) .
Let us split the self-energy into diagonal and off-diagonal
components in flavor space and introduce a diagonal
propagator S defined by the equation:
Sˆ−1(x, y) = Sˆ−10 (x, y)− Πˆd(x, y) , (68)
where Sˆ0 is the free propagator and Πˆd denotes the di-
agonal components of the self-energy. The poles of the
diagonal propagator define the quasiparticle excitations.
It can be shown that the dynamics of these is described
by a Boltzmann-like quantum kinetic equation.
Inserting this decomposition into the Schwinger-Dyson
equation we find, using matrix notation:
Sˆ
−1(x, y) = Sˆ−1(x, y)− Πˆ′(x, y) , (69)
where Πˆ
′
denotes the off-diagonal components of the
self-energy and Sˆ the full neutrino propagator includ-
ing flavor-diagonal and flavor off-diagonal contributions.
Multiplying Eq. (69) by Sˆ from the left, by Sˆ from the
right and integrating over the contour C we obtain a for-
mal solution for the full non-equilibrium propagator:
Sˆ (x, y) = Sˆ (x, y)
+
∫
C
D
4uD4vSˆ (x, u)Πˆ
′
(u, v)Sˆ (v, y) . (70)
After decomposing the propagators and self-energies into
the spectral and statistical components, we can rewrite
Eq. (70) in the form:
SˆF (ρ)(x, y) = SˆF (ρ)(x, y)−
∫
D
4uD4vθ(u0)θ(v0)
× [SˆR(x, u)Πˆ′R(u, v)SˆF (ρ)(v, y)
+ SˆR(x, u)Πˆ
′
F (ρ)(u, v)SˆA(v, y)
+ SˆF (ρ)(x, u)Πˆ
′
A(u, v)SˆA(v, y)
]
. (71)
Here we are using the retarded and advanced propaga-
tors defined by Eq. (49), so that the integration can be
extended to the whole uv-plane. Using their definitions
and Eq. (71), we can also derive formal solutions for the
retarded and advanced propagators:
SˆR(A)(x, y) = SˆR(A)(x, y)−
∫
D
4uD4vθ(u0)θ(v0)
×SˆR(A)(x, u)Πˆ
′
R(A)(u, v)SˆR(A)(v, y) . (72)
Next we Wigner transform Eqs. (71) and (72) and per-
form the leading order gradient expansion as has been
outlined in Sec. V. Combining both results, we find for
the full statistical and spectral propagators and the cor-
responding causal two-point functions of the system in
to equilibrium:
SˆF (ρ) = SˆF (ρ) − SˆRΠˆ
′
RSˆF (ρ)
− SˆRΠˆ
′
F (ρ)SˆA − SˆF (ρ)Πˆ
′
ASˆA, (73a)
SˆR(A) = SˆR(A) − SˆR(A)Πˆ
′
R(A)SˆR(A) , (73b)
where all propagators and self-energies are evaluated at
the same point (X, q) in configuration space. We can ex-
press the full statistical and spectral propagators in terms
of the diagonal ones and the off-diagonal self-energies,
SˆF (ρ) = ΘˆR
[SˆF (ρ) − SˆRΠˆ′F (ρ)SˆA]ΘˆA , (74)
where ΘˆR and ΘˆA are defined by ΘˆR ≡
(
I+SˆRΠˆ
′
R
)−1
and
ΘˆA ≡
(
I+Πˆ
′
ASˆA
)−1
respectively, with I being the 4n×4n
unit matrix in the Dirac and flavor space of the n gen-
erations. Solution Eq. (74) reduces the dynamics of the
full statistical and spectral propagators to the dynam-
ics of two quasiparticle excitations. Their masses, decay
widths and CP -violating parameters are determined by
the medium and the abundances are described by the cor-
responding one-particle distribution functions. Strictly
speaking, the solution (74) is valid only in thermal equi-
librium. However, we assume that it also holds for small
deviations from equilibrium.
To consistently analyze processes of the fourth order in
the coupling one has to use so-called extended quasipar-
ticle approximation (eQP) for the statistical propagator
and spectral function [70–74]. The eQP approximation
represents the diagonal propagator as a sum of two terms:
Sˆ≷ = ˆ˜S≷ − 12
(SˆRΠˆd≷SˆR + SˆAΠˆd≷SˆA) . (75)
The first describes decay processes, whereas the second
can be associated with scattering processes. Inserting
Eq. (75) into Eq. (74) we get a solution for the resummed
Majorana propagator consistent up to the fourth order
in the couplings:
Sˆ≷ = ΘˆR
[ ˆ˜S≷
− SˆRΠˆ
′
≷SˆA − 12
(SˆRΠˆd≷SˆR + SˆAΠˆd≷SˆA)]ΘˆA .(76)
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The first term in the above formula describes Majorana
decay, see Sec. VIC, whereas the remaining three terms
describe the two-body scattering processes mediated by
the Majorana neutrino. These are discussed in Sec. VID.
Using definition of the retarded and advanced two-
point functions, Eq. (49), and the Schwinger-Dyson equa-
tion for the diagonal propagators, Eq. (68), we find that
the causal propagators in Eq. (76) are given by
SˆR(A) = −
(
/q − Mˆ − ΠˆR(A)
)−1
. (77)
Splitting the retarded and advanced self-energies into the
vector and scalar components we can write the solution
of Eq. (77) in the form:
SR(A) = −
(
/q − /ΠvR(A)
)
+
(
M +ΠsR(A)
)
(
q −ΠvR(A)
)2 − (M +ΠsR(A))2
≡ −Ωh ∓
i
2
/Π
v
ρ
Ωh ± iΠρ
, (78)
where we have omitted flavor indices to shorten the no-
tation and introduced
Ωh ≡
(
/q − /Πvh
)
+
(
M +Πsh
)
,
Ωh ≡
(
q −Πvh
)2 − (M +Πsh)2 − ( 12Πvρ)2 ,
Πρ ≡ ΠvhΠvρ − qΠvρ .
From Eq. (78) we can extract the spectral and hermitian
propagators. To leading order in the Yukawas they read
Sρ ≈ +Ωh
2Πρ
Ω
2
h +Π
2
ρ
≡ ΩhSρ , (79a)
Sh ≈ −Ωh
Ωh
Ω
2
h +Π
2
ρ
≡ ΩhSh . (79b)
The on-shell condition is defined by Ωh = 0. Expanding
Ωh to linear order in the Yukawas we find:
Ωh ≈
(
q2 −M2) (1− 2Γ/πM)
+ (Γ/πM) q2 ln
(|q2|/M2)− 2qΠv,medh ,
where /Π
v,med
h is the medium-induced component of the
hermitian self-energy in the on-shell renormalization
scheme. In vacuum the on-shell condition is fulfilled
for q2 = M2, i.e. M is the physical vacuum mass.
At non-zero temperatures the mass receives medium-
induced corrections. To linear order in the Yukawas the
effective mass is given by M2 ≈ M2 + 2qΠv,medh . For a
hierarchical mass spectrum, which we consider here, the
contributions of the hermitian self-energy are always neg-
ligible and we will use Ωh ≈ q2 −M2 and Ωh ≈ /q −M
in the following. From Eq. (79) we can also deduce the
effective width. To leading order in the Yukawas it is
given by MΓ ≈ −qΠvρ. The minus sign in this definition
ensures that the effective decay width is positive. One-
loop contribution to the Majorana self-energy is derived
in AppendixD. In a CP -symmetric medium it is given
by
Πijρ = −
gw
16π
[
(h†h)ijPL + (h†h)∗ijPR
]
Lρ . (80)
Therefore we can write the effective decay width in the
form Γi = Γi · (qLρ/M2i ), where Γi is the total vacuum
decay width. For positive q2 and q0 the loop integral Lρ
takes the form:
Lµρ = 16π
∫
dΠφk dΠ
ℓ
p(2π)
4δ(q − k − p) pµ
× [1 + fφ(Ek)− fℓ(Ep)] . (81)
For massless final states 2(qp) = M2i . Therefore the defi-
nition of the effective decay width inferred in Sec. III from
the requirement of successful RIS subtraction is consis-
tent with that implied by Eq. (79).
For the eQPWightman propagators we can use the Ka-
danoff-Baym ansatz. As can be inferred from Eq. (75),
the corresponding spectral function reads
ˆ˜Sρ = − 12 SˆRΠˆdρSˆRΠˆdρSˆAΠˆdρSˆA . (82)
Substituting Eq. (78) into Eq. (82) we obtain
S˜ρ = − 12
(
Ωh /Π
v
ρΩhΠ
2
ρ + 4Ωh /Π
v
ρ /Π
v
ρΩρΩh
+ /Π
v
ρ /Π
v
ρ /Π
v
ρΩ
2
h
)
/
(
Ω
2
h +Π
2
ρ
)2
, (83)
where we have again omitted the flavor indices. The
second and the third terms in Eq. (83) vanish on the mass
shell and can be neglected. Commuting Ωh and /Π
v
ρ in
the first term and again neglecting contributions which
are tiny on the mass shell we finally obtain for the eQP
spectral function:
S˜ρ ≈ Ωh
4Π3ρ[
Ω
2
h +Π
2
ρ
]2 . (84)
Note that structures of Eqs. (84) and (79a) are very simi-
lar. Furthermore, as follows from Eq. (11), in the limit of
vanishing decay width both of them approach the delta-
function. However, for a small but finite decay width the
eQP spectral function is a better approximation to the
delta-function than Eq. (79a). Therefore, we can approx-
imate it by the usual expression,
S˜ρ ≈ (2π) sign(q0)δ(q2 −M2)(/q +M) ,
and at the same time keep finite-width terms in the di-
agonal propagators.
C. CP-violation in Majorana decay
To go beyond the tree-level approximation and take
into accountCP -violating effects we need to consider con-
tributions to the lepton self-energy that are of the fourth
order in the Yukawa couplings.
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One of them comes from expansion of the Majorana
propagator in the one-loop self-energy. Substituting the
decay term of Eq. (76) into Eq. (58) we can write it in the
form:
Σ
(1)
≷ (t, p) = −
∫
dΠ4q dΠ
4
k(2π)
4δ(q − k − p) (85)
× (h†h)mnPRΘniR (t, q)S˜ii≷(t, q)∆≶(t, k)ΘimA (t, q)PL .
Substituting Eq. (85) and its CP conjugate into Eq. (54)
we find that the resulting contribution to the divergence
of the lepton-current has precisely the form (66). How-
ever, the corresponding effective amplitudes are no longer
equal:
ΞTℓφ↔Ni + Ξ
S
ℓφ↔Ni ≡ gw
∑
mn(h
†h)mn
×tr[ΘniR (t, q)(/q +Mi)ΘimA (t, q)PL/pPR ] , (86a)
ΞTℓ¯φ¯↔Ni + Ξ
S
ℓ¯φ¯↔Ni ≡ gw
∑
mn(h
†h)∗mn
×tr[Θ¯niR (t, q)(/q +Mi)Θ¯imA (t, q)PL/pPR ] . (86b)
The matrices ΘˆR and ΘˆA are evaluated on the mass shell
of the i’th Majorana neutrino. The bar denotes CP -con-
jugation and the trace is over Dirac indices. As compared
×
∗
FIG. 7: Interference of tree-level and one-loop self-energy cor-
rections.
to tree-level result (67) it additionally contains interfer-
ence of the tree-level and one-loop self-energy contribu-
tions to the Majorana decay amplitude, see Fig. 7. For a
hierarchical mass spectrum we can use the approximation
ΘˆR ≈ I− SˆRΠˆ
′
R ≈ I− i2 SˆhΠˆ
′
ρ ,
and a similar approximation for ΘˆA. Using furthermore
Eqs. (79) and (80) we find for the CP -violating parame-
ter:
ǫSi =
∑ ℑ (h†h)2ij
(h†h)ii(h†h)jj
∆M2ijMiΓj(
∆M2ij
)2
+
(
Γj/Mj qLρ
)2
× pLρ
qp
, (87)
where p and q are on-shell momenta of the outgoing lep-
ton and decaying Majorana neutrino respectively. In vac-
uum Lµρ = θ(q
2) sign(q0)qµ and the CP -violating param-
eter takes the form:
ǫSi =
∑ ℑ (h†h)2ij
(h†h)ii(h†h)jj
∆M2ijMiΓj(
∆M2ij
)2
+
(
ΓjM2i /Mj
)2 . (88)
The ‘regulator’ in the denominator of Eq. (88) differs
from the result MiΓj found in [41, 42] by the ratio of
the masses. For a hierarchical neutrino mass spectrum
the ‘regulator’ term is sub-dominant and this difference
is numerically small. Note also that although Eq. (87)
does not diverge in the limit of vanishing mass difference
the approximations made in the course of its derivation
are not applicable for a quasidegenerate mass spectrum
[21]. For a consistent treatment of resonant enhancement
within NEQFT we refer to [15].
The two-loop lepton self-energy is of the fourth order in
the couplings to begin with. Therefore, for a hierarchical
mass spectrum one can safely neglect the off-diagonal
components of the Majorana propagators and replace S
by the eQP one:
Σ
(2.1)
≷ (t, p) =
∫
dΠ4q dΠ
4
k (2π)
4δ(p+ k − q)
× [(h†h)2ijΛjj(t, q, k)PLCS˜ii≷(t, q)PL∆≶(t, k)
+ (h†h)2jiPRS˜ii≷(t, q)CPRVjj(t, q, p)∆≶(t, k)
]
. (89)
Substituting Eq. (89) and its CP conjugate into Eq. (54)
we again find that the resulting contribution to the di-
vergence of the lepton-current has the form (66). The
corresponding effective amplitudes read
ΞVNi↔ℓφ ≡− gw(h†h)2ij Mi tr
[
Λjj(q, k)CPL/pPR
]
(90a)
− gw(h†h)2jiMi tr
[
CVjj(q, k)PL/pPR
]
,
ΞVNi↔ℓ¯φ¯ ≡− gw(h†h)2ij Mi tr
[
CVjj(q, k)PL/pPR
]
(90b)
− gw(h†h)2jiMi tr
[
Λjj(q, k)CPL/pPR
]
.
They describe interference of the tree-level and one-loop
vertex contributions to the Majorana decay amplitude,
see Fig. 8. To account for the contribution of the vertex
×
∗
FIG. 8: Interference of tree-level and one-loop vertex correc-
tions.
correction to the decay width and the CP -violating pa-
rameter we have to substitute the sum of ΞVNi↔ℓφ and
ΞTNi↔ℓφ + Ξ
S
Ni↔ℓφ and a similar sum for the antiparti-
cles into Eq. (30). The vertex contribution to the decay
amplitude is of fourth order in the coupling and is neg-
ligible compared to the tree-level term. Since we assume
the medium to be almost CP -symmetric we can use, at
leading order, CP -symmetric two-point functions in the
loop integrals Λjj and Vjj . Then, at leading order in the
Yukawa couplings, we find for the vertex contribution to
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the CP -violating parameter:
ǫVi = −
∑ ℑ (h†h)2ij
(h†h)ii
MiMj
qp
∫
dΠ4k1 dΠ
4
k2 dΠ
4
k3 (91)
× (2π)4δ(q + k1 + k2)(2π)4δ(k + k2 − k3)(pk2)
× [∆ρ(k1)SF (k2)Sjjh (k3) + ∆F (k1)Sρ(k2)Sjjh (k3)
−∆h(k1)Sρ(k2)SjjF (k3) + ∆h(k1)SF (k2)Sjjρ (k3)
+ ∆ρ(k1)Sh(k2)S
jj
F (k3) + ∆F (k1)Sh(k2)S
jj
ρ (k3)
]
.
The quasiparticle approximation and the KB-ansatz en-
force two of the intermediate lines of the vertex loop to
be on-shell whereas the remaining line described by the
hermitian part of the retarded and advanced propaga-
tors remains off-shell. The three lines in square brack-
ets in Eq. (91) therefore correspond to different cuts
through two of the three internal lines of the loop di-
agram Fig. 1.(c). Note also that only for one of the three
internal lines the corresponding distribution function en-
ters the result.
The first possible cut described by the first line in
square brackets corresponds to cutting the propagators
of Higgs and lepton. One can interpret this cut as decay
of the Majorana neutrino into a lepton-Higgs pair which
is followed by a subsequent t-channel scattering mediated
by a virtual Majorana neutrino. Introducing
Kµi (q, k) = 16π
∫
dΠφk2 dΠ
ℓ
p2(2π)
4δ(q − k2 − p2) pµ2
× [1 + fφ(Ek2 )− fℓ(Ep2)]M2i Siih (k − p2) , (92)
we can rewrite the first term in Eq. (91) in a form which
strongly resembles the form of the self-energy CP -viola-
ting parameter:
ǫVi = −
1
2
∑ ℑ (h†h)2ij
(h†h)ii(h†h)jj
MiΓj
M2j
pKj
qp
. (93)
In vacuum Kj can be computed explicitly and we recover
the well-known result [5]:
ǫVi =
∑ ℑ (h†h)2ij
(h†h)ii(h†h)jj
Γj
Mi
× [1− (1 +M2j /M2i ) ln (1 +M2i /M2j )] . (94)
Adding up Eqs. (88) and (94) we obtain the canonical ex-
pression for the vacuum CP -violating parameter, Eq. (5).
If the intermediate Majorana neutrino is much heavier
than the decaying one then M2j S
jj
h ≈ 1 and therefore
Kj(q, k) ≈ Lρ(q). In this case we can also neglect the
‘regulator’ term in the denominator of Eq. (87). In this
approximation the two CP -violating parameters have the
same structure and their sum can be written in the form:
ǫi = ǫ
vac
i
pLρ
qp
.
Note that the combination of the distribution functions
that enters the self-energy and vertex CP -violating pa-
rameters, see Eqs. (81) and (92), is the same as that of
fℓφ = 1 + f
eq
φ − feqℓ encountered in the derivation of the
rate equations, see Eq. (32). This result is in agreement
with the findings of [20, 21, 23, 27] using NEQFT and
of [31] based on imaginary-time thermal QFT. Note that
older results featured a different dependence on the dis-
tribution functions, with an additional term quadratic in
the one-particle distribution functions which is absent in
Eq. (93) as well as in Eq. (87):
1 + f¯φ − f¯ℓ + 2f¯φf¯ℓ → 1 + f¯φ − f¯ℓ .
In [22] it was demonstrated that the result obtained us-
ing thermal field theory can be reconciled with the re-
sult of NEQFT calculation once causal Green’s functions
are used in the former. The two other cuts in Eq. (91)
are proportional to fN − fℓ and to fN + fφ respectively.
They vanish in the zero temperature limit and are usually
Boltzmann-suppressed at finite temperatures, but can be
relevant in specific cases [25].
The quantities that enter the rate equations are the de-
cay, washout and CP -violating decay reaction densities.
In the canonical approximation, i.e. when the quantum-
statistical effects and effective masses of the Higgs and
leptons are neglected, they are given by Eq. (41). If the
thermal masses are neglected but the quantum-statistical
effects are taken into account, there is an enhancement
of the decay and washout reaction densities at high tem-
perature, see Fig. 9. However, the inclusion of the ther-
z
〈
XγDNi
〉
/
〈
XγDNi
〉
vac
, BM1
〈ǫ1γDN1 〉
〈ǫ2γDN2 〉
〈ǫ1γDN1 〉m=0
〈ǫ2γDN2 〉m=0
〈γDN1 〉
〈γDN2 〉
〈γD
N1
〉m=0
〈γD
N2
〉m=0
0
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1
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FIG. 9: Decay and CP -violating reaction densities with ther-
mal lepton and Higgs masses, 〈XγDNi〉, and with zero masses,
〈XγDNi〉m=0, for the two Majorana neutrinos N1 and N2. The
values are normalized to the corresponding reaction density in
the conventional approximation
〈
XγDNi
〉
vac
. The thermal en-
hancement due to quantum-statistical factors is overcompen-
sated by the phase space suppression due to thermal masses
at high temperatures. Note that we show only the self-energy
contribution to the CP -violating reaction densities.
mal masses turns this enhancement into a suppression at
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high temperatures. It is explained by the decrease of the
decay phase space. At intermediate temperatures the
thermal masses become small relative to the Majorana
mass and we observe a minor enhancement. For the CP -
violating reaction density we observe a very similar be-
havior. Given that for a hierarchical mass spectrum most
of the asymmetry is typically generated by the lightest
Majorana neutrino at zf ∼ lnK1 ∼ O(1), where K1 is
the washout parameter (see Appendix E), we expect the
medium effects to induce a moderate enhancement of the
total generated asymmetry.
D. Majorana-mediated scattering
Two-body scattering processes mediated by Majorana
neutrinos violate lepton number by two units and play
an important role in the washout of the generated asym-
metry. In this section we derive the effective scattering
amplitudes using NEQFT. This is an important part of
our results.
The last three terms in Eq. (76) contain the Wigner-
transformed one-loop Majorana self-energy:
Πij≷(t, q) =− gw
∫
dΠ4k dΠ
4
p(2π)
4δ(q − p− k)
× [ (h†h)ijPLS≷(t, p)PR∆≷(t, k)
+ (h†h)jiPRPS¯≷(t, p¯)PPL∆¯≷(t, k¯)
]
, (95)
see AppendixD3 for more details. Combining them with
Eq. (58) we find that their contribution to the divergence
of the lepton-current (55) contains two Wightman prop-
agators of leptons and two of the Higgs field. As we
have argued above, these correspond to initial and fi-
nal states in the kinetic equations. Therefore, we con-
clude that these terms describe scattering processes de-
picted in Fig. 2 and Fig. 3. As Higgs and leptons are
maintained close to equilibrium we can safely use the
Kadanoff-Baym ansatz for their propagators in the Ma-
jorana self-energy (95). Inserting Eq. (95) into the scat-
tering terms of Eq. (76) we can then split the Majorana
propagator into a lepton number conserving and lepton
number violating part:
S
ij
> (q) = gw
∫
dΠ4k dΠ
4
p(2π)
4δ(q − p− k)∆ρ(k)Sρ(p)
× [(1− fp
ℓ¯
)(1 + fkφ¯ )S
ij
LC(q, p)
+ (1− fp
ℓ¯
)(1 + fkφ¯)S
ij
LV (q, p)
]
, (96a)
S
ij
< (q) = −gw
∫
dΠ4k dΠ
4
p(2π)
4δ(q − p− k)∆ρ(k)Sρ(p)
× [fpℓ fkφS ijLC(q, p) + fpℓ¯ fkφ¯S ijLV (q, p)] , (96b)
where we have defined:
S
ij
LC = (h
†h)ij
[
(1− δij)SiiR(q)PL/pPRSjjA (q) (97a)
+
δij
2
(SiiR(q)PL/pPRSjjR (q) + SiiA(q)PL/pPRSjjA (q))] ,
S
ij
LV = (h
†h)ji
[
(1− δij)SiiR(q)PR/pPLSjjA (q) (97b)
+
δij
2
(SiiR(q)PR/pPLSjjR (q) + SiiA(q)PR/pPLSjjA (q))] .
Here we neglected higher order terms coming from the
matrices ΘˆR and ΘˆA. The first terms in Eqs. (97a) and
(97b) corresponds to the second term in Eq. (76), whereas
the remaining terms correspond to the last two terms in
Eq. (76). Substituting the Majorana propagators (96)
into the lepton-current (55) together with the one-loop
lepton self-energy (58) we finally obtain
DµjµL(t) = g2w
∫
dΠ4p1 dΠ
4
k1 dΠ
4
p2 dΠ
4
k2
×∆ρ(k1)∆ρ(k2)Sρ(p1)Sρ(p2)
× [ALV (p1 + k1, p1, p2)Fp1k1;p2k2ℓφ↔ℓ¯φ¯
+ALC(p1 + k1, p1, p2)Fp1k1;p2k2ℓφ↔ℓφ
]
. (98)
Note that the zeroth component of the momenta in the
above equation can have both signs. The effective ampli-
tudes of the lepton number conserving and lepton number
violating processes read
ALV (q, p1, p2) ≡(h†h)ji tr
[
S
ij
LV (q, p2)PL/p1PR
]
, (99a)
ALC(q, p1, p2) ≡(h†h)ji tr
[
S
ij
LC(q, p2)PL/p1PR
]
. (99b)
The functions ALC(q, p1, p2) and A
LV (q, p1, p2) are sym-
metric under the exchange of the momenta p1 and p2.
This implies that the contribution of ALC in Eq. (98)
vanishes. The terms of SLV diagonal in flavor space
correspond to the RIS-propagator. Substituting Eq. (78)
into Eq. (99a) and taking the trace we find that it con-
tains only the scalar components of the retarded and ad-
vanced propagators and is proportional to:
S
2
R + S
2
A ≈ 2M2
Ω
2
h −Π2ρ[
Ω
2
h +Π
2
ρ
]2
≈ 2M2 (q
2 −M2)2 − (MΓ)2
[(q2 −M2)2 + (MΓ)2]2 . (100)
Equation (100) differs from the canonical result (14) only
in that the vacuum masses and decay widths are replaced
by thermal ones. For a hierarchical mass spectrum this
difference can be safely neglected. Introducing an ana-
logue of the RIS subtracted propagator,
Pij(q) ≡ SiiA(q)SjjR (q)− 12δijSiiρ (q)Siiρ (q) , (101)
we can rewrite the lepton number violating effective am-
plitude in a compact form:
ALV (q, p1, p2) = 2(h
†h)2ij(p1p2)MiMjPij(q) .
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Next we perform the trivial integrations over the fre-
quencies using the Dirac-deltas in the quasiparticle spec-
tral functions (57) and (65). Each Dirac-delta can be
decomposed into two terms, one with positive and one
with negative frequency. Therefore, the integration over
the four frequencies gives rise to 24 terms, but only six
of them satisfy energy conservation ensured by the re-
maining delta-function. In a homogeneous and isotropic
medium the one-particle distribution functions satisfy
1− fℓ(−p) = fℓ¯(p) , 1 + fφ(−k) = −fφ¯(k) , (102)
and the diagonal Majorana propagators have the prop-
erties
S
ii
ρ (−q) = −Siiρ (q) , SiiR(−q) = SiiA(q) . (103)
Upon substitution of the resulting self-energy into
Eq. (55) and the use of Eqs. (102) and (103) the remain-
ing six contributions in the lepton-current can be conve-
niently written as
DµjµL(t)
∣∣∣S
S
=−
∫
dΠp1p2k1k2ℓℓφφ
×
[
Ξ
(t×t)
φ¯φ¯↔ℓℓF
k1k2;p1p2
φ¯φ¯↔ℓℓ + Ξ
(t×t)
ℓ¯ℓ¯↔φφF
p1p2;k1k2
ℓ¯ℓ¯↔φφ
+ 2
(
Ξ
(s×s)
ℓ¯φ¯↔ℓφ + Ξ
(t×t)
ℓ¯φ¯↔ℓφ
)Fp1k1;p2k2
ℓ¯φ¯↔ℓφ
]
, (104)
where we have defined the effective scattering ampli-
tudes:
Ξ
(s×s)
ℓ¯φ¯↔ℓφ = 2g
2
w(p1p2)
∑
ℜ(h†h)2ijMiMjPij(qs) , (105a)
Ξ
(t×t)
ℓ¯φ¯↔ℓφ = 2g
2
w(p1p2)
∑
ℜ(h†h)2ijMiMjPij(qt) , (105b)
Ξ
(t×t)
ℓ¯ℓ¯↔φφ = 2g
2
w(p1p2)
∑
(h†h)2ijMiMjPij(qt) , (105c)
Ξ
(t×t)
φ¯φ¯↔ℓℓ = 2g
2
w(p1p2)
∑
(h†h)2jiMiMjPij(qt) . (105d)
The momenta of the Majorana neutrinos are related to
the momenta of the initial and final states by qs = p1+k1
and qt = p1−k2. From Eq. (105) we see that the obtained
amplitudes contain only s×s and t×t interference terms.
Indeed, in the products of the Majorana propagators in
Eq. (101) both of them depend on the same momentum.
The missing cross terms emerge from the two-loop (ver-
tex) contribution to the lepton self-energy. As we have
mentioned in Sec. V, within the discussed assumptions
and approximations the second and third terms on the
right-hand side of Eq. (59) describe scattering processes.
Since they are of the fourth order in the Yukawas, we
can replace the full Majorana propagators by the diag-
onal propagators. The third term, Eq. (62), corresponds
to lepton number conserving processes and does not need
to be discussed further. The second one, Eq. (61), is given
by
Σ
(2.2)
≷ (t, p) =
∫
dΠ4p2 dΠ
4
k1 dΠ
4
k2 (2π)
4δ(p+ k1 − p2 − k2)
×(h†h)2ij
[
PRSjjR (t, p2 + k2)CPRST≶(t,−p2)PL
×CSiiA(t, p2 − k1)PL∆≶(t, k1)∆≶(t,−k2)
]
. (106)
We substitute Eq. (106) into the equation for the lepton-
current (55) and perform the steps preceding Eq. (104).
Using furthermore relations (102) we find
DµjµL(t)
∣∣∣V
S
=−
∫
dΠp1k1p2k2ℓφℓφ
×
[
2Ξ
(s×t)
ℓ¯φ¯↔ℓφF
p1k1;p2k2
ℓ¯φ¯↔ℓφ + Ξ
(u×t)
φ¯φ¯↔ℓℓF
k1k2;p1p2
φ¯φ¯↔ℓℓ
+ Ξ
(u×t)
ℓ¯ℓ¯↔φφF
p1p2;k1k2
ℓ¯ℓ¯↔φφ
]
,
where we have introduced
Ξ
(s×t)
ℓ¯φ¯↔ℓφ ≡ 4gw(p1p2)
∑
MiMjℜ (h†h)2ij
×ℜ{SiiA(qt)SjjR (qs)} , (107a)
Ξ
(u×t)
ℓ¯ℓ¯↔φφ ≡ 2gw(p1p2)
∑
MiMj
×ℜ{(h†h)2ij SiiA(qt)SjjR (qu)} , (107b)
Ξ
(u×t)
φ¯φ¯↔ℓℓ ≡ 2gw(p1p2)
∑
MiMj
×ℜ{(h†h)2ji SiiA(qu)SjjR (qt)} , (107c)
and qu = p2 − k2. The combinations of the momenta
appearing in the products of the Majorana propagators
clearly indicate that the above amplitudes correspond to
the interference terms of the s-, t-, and u-channel contri-
butions.
Combining Eqs. (105) and (107) we obtain for the ef-
fective amplitude of ℓℓ↔ φ¯φ¯ scattering:
Ξℓℓ↔φ¯φ¯ = 2(p1p2)
∑
(h†h)2ijMiMj
× [4Pij(qt)
+ SiiA(qt)S
jj
R (qu) + S
ii
A(qu)S
jj
R (qt)
]
, (108)
whereas the effective amplitude of ℓφ ↔ ℓ¯φ¯ scattering
reads
Ξℓφ↔ℓ¯φ¯ = 4(p1p2)
∑
ℜ(h†h)2ijMiMj
× [2Pij(qs) + 2Pij(qt)
+ SiiA(qt)S
jj
R (qs) + S
ii
A(qs)S
jj
R (qt)
]
.
To compare the obtained expressions with the vacuum
results of the canonical computation Eqs. (16) and (17),
we evaluate the retarded and advanced propagators at
zero temperature. In vacuum Lρ(t, q) = θ(q
2) sign(q0) /q.
Therefore for positive q0 it follows from Eq. (77) that
S
ii
R/A(q) ≈ −
[
q2 −M2i ± iθ(q2)Γi/Mi q2
]−1
. (109)
In the vicinity of the mass shell of the respective Majo-
rana neutrino q2 =M2i and we find
S
ii
R = −Pi , SiiA = −P ∗i . (110)
For t- and u-channels the imaginary parts of Eqs. (10)
and (109) vanish, so that in the vacuum limit
Pij(q) = P
∗
i (q
2)Pj(q
2) ,
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and Pij is symmetric with respect to i ↔ j. The
squares of the t- and u-channel propagators in Eq. (17)
give identical contributions to the reduced cross section
of ℓℓ ↔ φ¯φ¯ process. Therefore, upon substitution of
Eq. (108) into Eq. (43) and the use of the i ↔ j symme-
try, we recover for the reduced cross section the canonical
result (44). Relations (110) imply that the off-diagonal
components of Pij and Pij coincide. For the s-channel
the diagonal components of Pii are given in the vacuum
limit by
Pii(qs) =
(s−M2i )2 − (Γi/Mi s)2
[(s−M2i )2 + (Γi/Mi s)2]2
.
Thus, in the vicinity of the mass shell, s ≈ M2i , the
canonical expression for the RIS-subtracted propagator,
Eq. (14), coincides with the expression obtained from first
principles. This justifies results of the earlier calcula-
tions. For the reduced cross section of ℓφ↔ ℓ¯φ¯ scattering
we recover Eq. (45).
At finite temperatures Lρ(t, /q) is not zero even for t-
and u-channels. In other words, the medium effects in-
duce additional contributions to the effective decay am-
plitudes. However, these contributions are proportional
to the coefficients ci. Numerical analysis shows that for
the two chosen sets of parameters, see Appendix E, the
additional correction typically do not have any sizable
impact on the reaction densities.
A quantity relevant for the numerical analysis is the
ratio z〈γabij 〉/Hs. The dependence of this ratio on the
dimensionless inverse temperature is presented in Fig. 10
and Fig. 11. If the approximate expression (42) is used,
then the reaction density of ℓφ↔ ℓ¯φ¯ scattering becomes
negative for 2 . z . 3 for the first set of the param-
eters whereas for the second set of the parameters it
turns negative for 0.5 . z . 1. A qualitatively simi-
lar behavior has also been observed in [41]. This rather
counter-intuitive result can be traced back to the behav-
ior of the RIS part of the effective amplitude (16) which
is negative in the vicinity of the mass shell. Its sign is
not fixed by physical requirements, since it constitutes a
sub-leading contribution to the washout rate. As can be
inferred from Fig. 10, for the first set of model parame-
ters the quantum-statistical corrections render the RIS
subtracted reaction density of ℓφ ↔ ℓ¯φ¯ scattering posi-
tive in the whole range of temperatures. However, this
is merely a numerical coincidence. For the second set of
parameters, see Fig. 11, the reaction density of ℓφ ↔ ℓ¯φ¯
scattering remains negative for 0.4 . z . 0.9. It is nev-
ertheless important to note that even in the region where
the reaction density is negative the quantum-statistical
corrections shift it upwards as compared to the result of
the canonical computation.
As far as ℓ¯ℓ¯ ↔ φφ scattering is concerned, the
quantum-statistical corrections enhance the reduced re-
action density at high temperatures by about 50%. As
the temperature decreases, the reaction density com-
puted using Eq. (35) approaches the one computed using
z
z〈γabij 〉/(Hs), BM1
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〉
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〉
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FIG. 10: Washout reaction densities due to ℓℓ ↔ φ¯φ¯ and
ℓφ ↔ ℓ¯φ¯ scattering processes for benchmark point 1 in the
approximation of massless leptons and Higgs. Shown are the
reaction densities computed using the Boltzmann approxima-
tion (42) (thin lines), and taking into account the quantum-
statistical effects, (35) (thick lines). The (RIS subtracted)
reaction densities 〈γ′ℓφ
ℓ¯φ¯
〉 may be negative as they are not the
physical rates for the 2↔ 2 scattering process.
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FIG. 11: Washout reaction densities due to ℓℓ ↔ φ¯φ¯ and
ℓφ ↔ ℓ¯φ¯ scattering processes for benchmark point 2. Com-
pare Fig. 10.
Eq. (42) as one would expect. A similar behavior is also
observed for the reaction density of ℓφ↔ ℓ¯φ¯ scattering.
In Figs. 10 and 11 we neglected the thermal masses of
initial and final states. To estimate the size of the mass
corrections, in Fig. 12 we plot ratio of the reaction den-
sity of the ℓℓ ↔ φ¯φ¯ scattering computed using thermal
masses of the Higgs and leptons with and without the
quantum-statistical terms to the canonical one for the
two sets of parameters. If the quantum-statistical effects
are neglected, the thermal masses lead to a ∼ 15% sup-
pression of the reaction densities. On the other hand, an
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FIG. 12: Ratio of the reaction density computed using ther-
mal masses with (thick lines) and without (thin lines) the
quantum-statistical terms to the canonical one for the two
sets of parameters.
enhancement induced by the quantum-statistical terms
to a large extent compensates the mass-induced suppres-
sion. As a result, the deviation from the canonical reac-
tion density does not exceed ∼ 5% in the whole range of
temperatures.
To compare the relative importance of the (inverse)
decay and scattering processes in Fig. 13 and Fig. 14 we
also present the uniformly normalized reaction densities.
In both cases we observe a qualitatively similar picture:
z
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FIG. 13: Washout reaction densities due to ℓℓ ↔ φ¯φ¯ and
ℓφ ↔ ℓ¯φ¯ scattering processes for benchmark point 1 in the
approximation of massless leptons and Higgs. For comparison
the washout reaction densities for N1 and N2 (inverse) decays
are shown as well. Note that the normalization differs from
the one used in Fig. 10 and Fig. 11 For the present choice of
parameters contributions by 2 ↔ 2 scatterings are strongly
suppressed by the smallness of the couplings.
for the chosen sets of parameters reaction densities of
the scattering processes are strongly suppressed by the
smallness of the Yukawa couplings as compared to those
of the decay processes.
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FIG. 14: Washout reaction densities due to ℓℓ ↔ φ¯φ¯ and
ℓφ ↔ ℓ¯φ¯ scattering processes as well as (inverse) decays for
benchmark point 2. Compare Fig. 13.
In the rate equation for the lepton asymmetry, see
Eq. (29a), the total washout rate is given by a sum of
reaction densities for decays and scattering. Whereas
〈γWNi〉 and 〈γℓℓφ¯φ¯〉 are positive, the RIS subtracted reac-
tion density 〈γ′ℓφ
ℓ¯φ¯
〉 can be negative at some temperatures.
If the total washout rate would turn negative, it would
lead to a spurious self-enhanced generation of the asym-
metry. In Figs. 13 and 14 we show the sum of the re-
actions densities. For both parameter sets it is positive.
This sum should always be positive. If the quantum-
statistical terms are neglected this can be demonstrated
explicitly. In the absence of the quantum-statistical cor-
rections, the results of this section revert to the ones
discussed in Sec. II. Using the expression for the RIS-
propagator, Eq. (15), we can rewrite the RIS subtracted
scattering amplitude (16) as a difference of the unsub-
tracted one and the RIS term. Since the latter is propor-
tional to δ(s−M2i ) the integration in Eqs. (43) and (42)
is trivial and we obtain after some algebra:
4〈γ′ℓφ
ℓ¯φ¯
〉 ≈ 4〈γℓφ
ℓ¯φ¯
〉 −∑i〈γWNi〉 . (111)
The total washout rate is then given by 4〈γℓφ
ℓ¯φ¯
〉+ 4〈γℓℓ
φ¯φ¯
〉
and is positive as a sum of two positive functions. In
other words, even though 〈γ′ℓφ
ℓ¯φ¯
〉 can be negative at some
temperatures, the total washout rate is always positive.
The form of the unsubtracted scattering reaction density
that can be inferred from Eq. (111) is another manifesta-
tion of the double-counting. If we had not subtracted the
RIS contribution, we would have counted contributions
of the inverse decay processes twice and ended up with
an incorrect prediction for the generated asymmetry.
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VII. HIGGS CONTRIBUTION
In the preceding section we have approximately taken
the gauge interactions into account in the form of ef-
fective masses of the Higgs and leptons.10 The ther-
mal masses are of order of gT and large enough to
influence the values of the reaction densities quantita-
tively. In particular, the Majorana neutrino decay can
become kinematically forbidden when the sum of the
masses of lepton and Higgs exceeds the heavy Majo-
rana neutrino mass. For even higher temperatures (with
mφ(T ) > mℓ(T ) +Mi(T )) the Higgs decay channel into
a lepton-Majorana pair becomes kinematically allowed
instead and can contribute to the asymmetry since it vi-
olates CP . For simplicity we do not take modified disper-
sion relations into account here, see [10, 31, 32, 47, 67],
but use the simple picture of temperature dependent
thermal masses as an estimate:
m2φ =
(
3
16
g22 +
1
16
g′2 +
1
4
h2t +
1
2
λ
)
T 2,
m2ℓ =
(
3
32
g22 +
1
32
g′2
)
T 2 , (112)
where we use the temperature dependent values of the
SU(2)L, U(1), top Yukawa and Higgs self-couplings g2,
g′, ht and λ assuming a Higgs mass of 115GeV [76]. We
also ignore that the thermal mass of leptons might be
better approximated by the ‘asymptotic thermal mass’√
2mℓ in a kinematic regime in which their momentum
is such that p2 ∼ (gT )2 [77]. We do also not take into
account, in our quantitative analysis, the thermal cor-
rections to the Majorana neutrino masses as they are
negligible compared to their vacuum masses.11
= + +
p q
k
FIG. 15: Tree level contribution and one-loop corrections to
the (anti-)Higgs decay amplitude. The additional arrows il-
lustrate the direction of momentum flow.
10 We will not attempt a fully consistent inclusion of gauge inter-
actions here. Their effect has been addressed systematically for
the production rate of Majorana neutrinos in various tempera-
ture regimes in [34, 35, 37, 75], but not for CP-violating rates up
to now. In this work we model gauge interactions in a simplified
way by including thermal masses, similar as has been done pre-
viously in the context of thermal field theory computations [10].
In this way the results obtained within NEQFT can be compared
to previous computations, and may ultimately be compared to a
full treatment of gauge interactions within NEQFT.
11 Note that they may be relevant in the different context of reso-
nant leptogenesis if the size of the thermal correction is compa-
rable to the mass splittings |Mi −Mj | as they can influence the
resonance in this case.
The CP -violating decay of the Higgs arises from the in-
terference of the tree-level, self-energy and vertex graphs
depicted in Fig. 15. Although in this case the decaying
particle – the Higgs doublet – is very close to thermal
equilibrium due to the Yukawa and gauge interactions
of the Standard Model, the Majorana neutrino in the fi-
nal state may deviate from equilibrium, so that the third
Sakharov condition is fulfilled.
Using the expression for the divergence of the lepton-
current, Eq. (55), we can extract the corresponding CP -
violating parameter. To calculate the self-energy con-
tribution it is convenient to rewrite the one-loop lepton
self-energy (58) in the form:
Σ≷(t, p) = −(h†h)ji
∫
dΠ4k dΠ
4
q(2π)
4δ(q + p− k)
× ∆¯≷(t, k¯)PRC(S ji≶ )T (t, q)C−1PL , (113)
where the transposition is only in Dirac space and we
have used one of the properties of Majorana propagator:
(S ij≷ )(X, q) = C(S
ji
≶ )
T (X,−q)C−1 . (114)
In its CP conjugate the Yukawa couplings are replaced
by their complex conjugates and the propagators by the
CP conjugate ones.
Similar to the case of the Majorana decay, substituting
Eq. (113) into Eq. (55) we can define effective Higgs decay
amplitudes:
Ξφ¯↔ℓNi ≡ gw
∑
mn
(h†h)mn
× tr [ΘmiR (q)(/q +Mi)ΘinA (q)PR/pPL] , (115a)
Ξφ↔ℓ¯Ni ≡ gw
∑
mn
(h†h)∗mn
× tr [Θ¯miR (q)(/q +Mi)Θ¯inA (q)PR/pPL] . (115b)
The overall factor gw in Eqs. (115) comes from summa-
tion over the doublet components of the (decaying) Higgs
particle. To leading order in the couplings:
Ξφ¯↔ℓNi ≈ 2gw
[
(h†h)ii(p · q)
+ gw16πℑ(h†h)2ijMiMjSjjh (pLρ)
]
, (116a)
Ξφ↔ℓ¯Ni ≈ 2gw
[
(h†h)ii(p · q)
− gw16πℑ(h†h)2ijMiMjSjjh (pLρ)
]
, (116b)
which, up to the relative sign in square brackets, coin-
cides with the amplitudes (86). The corresponding CP -
violating parameter reads
ǫSφ,i = −
ℑ(h†h)2ij
(h†h)ii(h†h)jj
MiΓj
M2i −M2j
pLρ
pq
, (117)
where p and q are the momenta of the on-shell final lep-
ton and Majorana neutrino with positive zeroth compo-
nents respectively. The direction of momentum flow is
as defined in Fig. 15. Although Lρ in Eqs. (87) and (117)
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is one and the same function, because of the different
kinematic regimes the explicit result in terms of the dis-
tribution functions differs for the Higgs decay:
Lρ(t, q) = 16π
∫
dΠφk dΠ
ℓ
p(2π)
4δ(q + p− k) /p
×[ fφ(Ek) + fℓ(Ep)] , (118)
see AppendixD 3. Note that our result is different
from the one presented in [10, 11, 78]. Instead of the
fφ − fℓ − 2fφfℓ dependence, it is proportional to a sum,
fφ + fℓ, of the two distribution functions. This depen-
dence can also be obtained in the framework of real time
thermal field theory using causal n-point functions, com-
pare [22]. The derivation within the Kadanoff-Baym for-
malism gives certainty concerning the sign of the con-
tribution by Higgs decay. The CP -violating parameter
(117) has an opposite sign relative to that for Majorana
neutrino decay. However, it is canceled by the relative
sign in Eq. (126).
To calculate the vertex contribution we use Eq. (114)
and represent the two-loop self-energy (89) in the form
Σ
(2.1)
≷ (t, p) =
∫
dΠ4q dΠ
4
k (2π)
4δ(p+ q − k) (119)
× [(h†h)2ijΛjj(t,−q,−k)PL(S˜ii≶)T (t, q)CPL∆¯≷(t, k¯)
+ (h†h)2jiPRC(S˜ii≶)T (t, q)PRVjj(t,−q,−p)∆¯≷(t, k)
]
.
Its CP conjugate again differs by the conjugation of the
Yukawas and propagators. Substituting Eq. (119) and its
CP conjugate into Eq. (55) we obtain for the correspond-
ing effective amplitudes:
ΞVφ¯↔ℓNi ≡ gw(h†h)2ij Mi tr
[
Λjj(−q,−k)CPL/pPR
]
+ gw(h
†h)2jiMi tr
[
CVjj(−q,−k)PL/pPR
]
, (120a)
ΞVφ↔ℓ¯Ni ≡ gw(h†h)2ij Mitr
[
CVjj(−q,−k)PL/pPR
]
+ gw(h
†h)2jiMitr
[
Λjj(−q,−k)CPL/pPR
]
. (120b)
Just like for the self-energy contribution we observe that
the overall sign of the vertex contribution to the Higgs
decay amplitude is opposite to that in the Majorana de-
cay, compare Eqs. (90) and (120). The corresponding
CP -violating parameter reads
ǫVφ,i =
∑ ℑ (h†h)2ij
(h†h)ii
MiMj
qp
∫
dΠ4k1 dΠ
4
k2 dΠ
4
k3 (121)
× (2π)4δ(q − k1 − k2)(2π)4δ(k − k2 − k3)(pk2)
× [∆ρ(k1)SF (k2)Sjjh (k3) + ∆F (k1)Sρ(k2)Sjjh (k3)
−∆h(k1)Sρ(k2)SjjF (k3)−∆h(k1)SF (k2)Sjjρ (k3)
+ ∆ρ(k1)Sh(k2)S
jj
F (k3)−∆F (k1)Sh(k2)Sjjρ (k3)
]
.
The last three lines of Eq. (121) correspond to the three
possible cuts of the vertex graph. Similarly to the Ma-
jorana decay only two of the intermediate states can be
on-shell and for only one of them the corresponding dis-
tribution function enters the result. The value of the
vertex CP -violating parameter depends on the tempera-
ture as well as on masses of the Majorana neutrinos. For
definiteness, let us assume a strongly hierarchical mass
spectrum, Mj ≫ mφ > Mi. In this case contribution
of the last two lines in Eq. (121) is strongly suppressed.
Integrating out the delta-functions we find for the con-
tribution of the first cut:
ǫVφ,i =
1
2
∑ ℑ (h†h)2ij
(h†h)ii(h†h)jj
MiΓj
M2j
pKj
qp
, (122)
where the loop function Kj is now defined as:
Kµi (q, k) = 16π
∫
dΠφk2 dΠ
ℓ
p2 (2π)
4δ(q + p2 − k2) pµ2
× [fφ(Ek2 ) + fℓ(Ep2 )]M2i Siih (k − p2) . (123)
Note that the vertex CP -violating parameter (122) has
an opposite sign relative to that for Majorana neutrino
decay. Similarly to the self-energy contribution we ob-
serve that the 1 − fℓ + fφ combination is replaced in
(123) by fℓ + fφ. For a milder mass hierarchy the two
other cuts can become important. Their contributions
are proportional to 1− fℓ− fN and fφ+ fN respectively.
The first-principle computation gives for the Higgs de-
cay contribution to the evolution of the lepton current
an expression similar to Eq. (24):
dY Li
Ni
dz
=
z
sH
∫
dΠqkpNiφℓ
× [Ξφ¯→ℓNiFqp;kNiℓ↔φ¯ ∓ Ξφ→ℓ¯NiFqp;kNiℓ¯↔φ] . (124)
We do not discuss ‘extra’ terms here which would arise
from ‘naive’ Boltzmann equations. To write this as a
rate equation we need to repeat the steps in Sec. IV
which lead to Eq. (36). For a general process aN ↔ b
(where we allow for deviations from equilibrium in fN )
we have Eq. (C3). Therefore we obtain, for Higgs de-
cay, the following contributions to the rate equations for
lepton number and Majorana neutrino abundance (see
AppendixC):
sH
z
dYLi
dz
∣∣∣
∆fNi
= −
〈
ǫφ,i
∆fNi
feqNi
γDφ,i
〉
, (125a)
sH
z
dYLi
dz
∣∣∣
∆f
Ni
µℓ
T
=
µℓ
T
〈
ǫφ,i(1 − feqℓ − cφℓfeqφ )
∆fNi
feqNi
γDφ,i
〉
,
(125b)
sH
z
dY Li
Ni
dz
∣∣∣
µℓ
T
= −µℓ
T
(1 + cφℓ)
〈
(1− fNi)
(1− feqNi)
γWφ,i
〉
. (125c)
We introduced the decay and washout reaction densities,
〈XγDφ,i〉 and 〈XγWφ,i〉, for Higgs decay:
〈XγDφ,i〉 ≡
∫
dΠpqkℓNiφ (2π)
4δ(q + p− k)XΞφ,ifeqNifℓφ ,
〈XγWφ,i〉 ≡〈X(1− feqNi)γDφ,i〉 , (126)
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where now fℓφ = (f
eq
φ + f
eq
ℓ ). In complete analogy to
Eq. (30) the total amplitude and the CP -violating pa-
rameter for (anti-)Higgs decay are defined as
Ξφ,i ≡ Ξφ¯→ℓNi + Ξφ→ℓ¯Ni ≈ 2Ξφ¯↔ℓNi ,
ǫφ,i ≡
Ξ
φ¯→ℓNi − Ξφ→ℓ¯Ni
Ξφ,i
.
Similarly to the Majorana neutrino decays we also define
an averaged CP -violating parameter as
〈ǫφ,i〉 ≡
〈ǫφ,iγDφ,i〉
〈γDφ,i〉
.
By comparing Eqs. (125a) and (36) we observe that, ig-
noring ∆fNiµℓ/T contributions, the difference to the Ma-
jorana neutrino decay contributions amounts to the re-
placements 〈XγDNi〉 → −〈XγDφ,i〉 and 〈XγWNi〉 → 〈XγWφ,i〉.
We therefore obtain Eq. (29a) with an opposite sign for
the CP -violating source term. This sign cancels the rel-
ative sign of the CP -violating parameter such that Ma-
jorana neutrino decay and Higgs decay contribute effec-
tively with same sign. Similarly, for the contribution to
the Majorana neutrino rate equation:
sH
z
dYLi
dz
∣∣∣
∆f
Ni
= −
〈
∆fNi
feqNi
γDφ,i
〉
,
sH
z
dYLi
dz
∣∣∣
∆fNi
µℓ
T
=
µℓ
T
〈
(1− feqℓ − cφℓfeqφ )
∆fNi
feqNi
γDφ,i
〉
,
sH
z
dY Li
Ni
dz
∣∣∣
µℓ
T
= −µℓ
T
(1 + cφℓ)
〈
ǫφ,i
(1 − fNi)
(1 − feqNi)
γWφ,i
〉
.
To compute the thermally averaged CP -violating param-
eter we take into account the temperature dependent evo-
lution of the lepton and Higgs masses (112) [10]. The av-
eraged CP -violating parameter in the Higgs decay and in
the Majorana decay as functions of the inverse temper-
ature are presented in Fig. 16 and Fig. 17. At very high
temperatures the magnitude of 〈ǫi〉 can be much larger
for Higgs decay. As the temperature decreases the CP -
violating parameter for the Higgs decay approaches zero.
This is explained by the shrinking of the available phase
space in the loop integrals (118) and (123).
VIII. CONCLUSIONS
In this paper we have studied leptogenesis in the type-I
seesaw extension of the Standard Model using the 2PI-
formalism of non-equilibrium quantum field theory.
The asymmetry generation can, in the case of thermal
leptogenesis, be approximately described by rate equa-
tions. Usually these statistical equations are treated as
a ‘black-box’ in the sense that their form is assumed
given and model specific amplitudes are inserted by hand.
Indeed, this approach is supported by the observation
z
〈ǫi〉, BM1
〈ǫ1〉
〈ǫ2〉
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FIG. 16: Averaged self-energy CP -violating parameters for
Majorana neutrino and Higgs decay for benchmark point 1 as
a function of the inverse temperature. Thin lines represent
the value in the zero temperature limit. With conventional
dispersion relations, the decay N1 → ℓφ is active at z > 4.93 ·
10−1 but replaced at high temperatures (z < 1.18 · 10−1) by
φ¯→ N1ℓ. The decay N2 → ℓφ is active at z > 1.54 · 10
−1 but
replaced at high temperatures (z < 3.62 · 10−2) by φ¯→ N2ℓ.
z
〈ǫi〉, BM2
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FIG. 17: Averaged self-energy CP -violating parameters for
Majorana neutrino and Higgs decay for benchmark point 2.
See caption of Fig. 16.
that it describes the free decay in the zero temperature
limit correctly and inherent inconsistencies (namely the
‘double-counting problem’) can be resolved in exact equi-
librium. However, out of equilibrium it is not obvious
whether the subtraction of real intermediate states works
to all orders and how amplitudes computed in thermal
field theory enter kinetic equations. These issues can
be completely avoided in a systematic treatment within
non-equilibrium quantum field theory.
Only in recent years fundamental questions related to
the non-equilibrium statistical description received more
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attention. The progress here is mainly based on the
2PI-formalism which is known to yield consistent quan-
tum kinetic equations without double-counting. These
equations can be reduced to a system of Boltzmann-
like kinetic equations for quasiparticles which can easily
be compared to the conventional results. In the course
of the derivation necessary approximations and the re-
lated physical assumptions have to be specified explicitly.
Therefore, this approach enables a deeper insight into the
dynamics of the asymmetry generation.
In the conventional analysis the minimal set of in-
teractions is obtained at order O(h4) of the perturba-
tive expansion. We have complemented existing analyses
based on the 2PI-formalism by the computation of fur-
ther processes which appear at this order. Starting from
a system of Kadanoff-Baym and (equivalent) Schwinger-
Dyson equations for leptons and heavy Majorana neu-
trinos we have derived Boltzmann-like quantum-kinetic
equations for the lepton asymmetry. They include (in-
verse) decays of the heavy Majorana neutrinos as well
as two-body scattering processes mediated by the heavy
neutrinos:
sH
z
dYL
dz
=
∑
i
∫
dΠpkqℓφNiF
pk;q
ℓφ↔NiΞℓφ↔Ni
−
∑
i
∫
dΠpkq
ℓ¯φ¯Ni
Fpk;q
ℓ¯φ¯↔NiΞℓ¯φ¯↔Ni
− 2
∫
dΠp1k1p2k2
ℓφℓ¯φ¯
Fp2k2;p1k1
ℓ¯φ¯↔ℓφ Ξℓ¯φ¯↔ℓφ
−
∫
dΠp1p2k1k2
ℓℓφ¯φ¯
Fk1k2;p1p2
φ¯φ¯↔ℓℓ Ξφ¯φ¯↔ℓℓ
−
∫
dΠp1p2k1k2
ℓ¯ℓ¯φφ
Fp1p2;k1k2
ℓ¯ℓ¯↔φφ Ξℓ¯ℓ¯↔φφ .
Because all terms in this equation are proportional to F ,
a combination of the distribution functions which van-
ishes in equilibrium, the obtained equations are free of
the double-counting problem and no need for the real in-
termediate state subtraction arises. Together with the
systematic derivation of the effective decay and scatter-
ing amplitudes Ξ this is the main result of the present
work. The individual amplitudes arise as combinations
of different 2PI contributions. The vertex contribution
to the CP -violating decay amplitude is obtained as cut
of the 2PI ‘mercedes’ diagram. The same graph yields
also the s× t contributions to ℓφ↔ ℓ¯φ¯ and the u× t con-
tribution to ℓℓ↔ φ¯φ¯ process. To extract the self-energy
contribution, the off-diagonal elements of the Majorana
neutrino propagator have to be taken into account. In
addition, an extended quasiparticle approximation needs
to be employed in order to obtain the s × s and t × t
contributions to ℓφ↔ ℓ¯φ¯ as well as u × u and t× t con-
tributions to ℓℓ ↔ φ¯φ¯ scattering from the ‘setting-sun’
diagram.
In the zero temperature limit the effective amplitudes
reduce to the canonical ones. In particular, the form
of the resulting amplitudes for ℓφ ↔ ℓ¯φ¯ scattering co-
incides with the RIS subtracted amplitudes encountered
in existing calculations. At finite temperatures the ef-
fective amplitudes receive thermal corrections. Medium
corrections to the Majorana decay amplitudes into lep-
tons and antileptons areO(h4). They are small compared
to the tree-level vacuum contribution and are therefore
negligible for the total decay width. On the other hand,
they play an important role for the CP -violating source-
terms, which are proportional to the difference of the
two amplitudes. We find that medium corrections to the
CP -violating parameter are linear in the particle num-
ber densities. Although there is a partial cancellation of
the bosonic and fermionic contribution, the CP -violating
parameter is enhanced. In the effective scattering ampli-
tudes the medium corrections affect only the ‘regulator’
term in the denominator of the Breit-Wigner propaga-
tors. Due to the smallness of the Majorana decay width,
which is constrained by the light neutrino masses, nu-
merically these corrections are very small in the case of
non-degenerate Majorana neutrinos.
Taking SM interactions into account in the form of
thermal lepton and Higgs masses results in a suppression
of the phase space for the Majorana neutrino decay and
the enhancement of the CP -violating parameters is over-
compensated. At even higher temperatures, when the
effective Higgs mass exceeds the Majorana masses, the
CP -violating decay of the Higgs into a lepton-Majorana
pair can become kinematically allowed instead. At these
temperatures the averaged CP -violating parameters for
Higgs decay exceeds that obtained for Majorana decay in
vacuum by orders of magnitude. The signs of the corre-
sponding CP -violating parameters are opposite but their
contribution to the lepton asymmetry has the same sign
(at least in the limit of hierarchical Majorana masses).
These results are in qualitative agreement with earlier
studies based on thermal field theory and may ultimately
be compared to a full treatment of CP -violating decays
out of equilibrium, including gauge interactions.
We have also derived the corresponding rate equations
for abundances of the participating species. They are
obtained as expansion in small deviations from equilib-
rium (µ/T and ∆fNi) and represent the hydrodynam-
ical approximation of the Boltzmann kinetic equations.
As compared to the standard (zero temperature) result
they are improved in that the obtained coefficients in-
clude medium corrections to the quasiparticle properties
and take into account quantum-statistical effects. We
compare with the result obtained if the amplitudes are
computed in thermal quantum field theory and the RIS
subtraction is performed manually. We find that there
are differences at higher order in the expansion param-
eters. The coefficients – reaction densities – reflect the
interplay between the medium enhancement of the effec-
tive amplitudes and the phase space suppression induced
by the thermal masses of Higgs and leptons. At very
low temperatures the reaction densities approach their
canonical limit.
Since for a hierarchical mass spectrum most of the
asymmetry is typically generated by the lightest Majo-
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rana neutrino at temperatures of the order and smaller
than its mass, we expect a moderate enhancement of the
total generated asymmetry is possible for a typical av-
erage to strong washout scenario. For a detailed phe-
nomenological analysis it is necessary to include further
phenomena such as flavour effects and ∆L = 1 scattering
processes which contribute to the washout at O(g2h2).
Additional quantum effects beyond the present analysis
are relevant for non-standard scenarios in which the Ma-
jorana neutrinos have degenerate masses or if they are
not as close to thermal equilibrium.
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Appendix A: Kinematics
The reaction densities contain distribution functions
of the initial and final states, which depend on the cor-
responding energies. Therefore to compute the reaction
densities we need to analyze the kinematics of the decay
and scattering processes.
1. Decay
To compute the CP -violating reaction density and the
decay reaction density we need to evaluate the integral:
〈XγDNi〉 =
∫
dΠNq f
eq
N
∫
dΠφk dΠ
ℓ
p(2π)
4δ(k + p− q)
×XΞN
[
1− feqℓ + feqφ
]
.
For the washout reaction densities or reaction densities
for Higgs decay we have similar expressions. The inte-
gration over d3k can be performed trivially and yields
~k = ~q − ~p. Using |~k| = (~q 2 + ~p 2 − |~q||~p| cos θ) 12 and inte-
grating over θ we remove the remaining Dirac-delta and
obtain
∫
dΠφp dΠ
ℓ
k(2π)
4δ(k + p− q) → 1
8π |~q|
E+∫
E−
dEp
2π∫
0
dϕ
2π
.
(A1)
The integration limits are given by
E± = 12
[
Eq
(
1 + xℓ − xφ)± |~q|λ 12 (1, xℓ, xφ)
]
, (A2)
where xℓ ≡ m2ℓ/q2, xφ ≡ m2φ/q2 and λ(x, y, z) ≡ x2+y2+
z2 − 2xy − 2xz − 2yz is the usual kinematical function.
For an on-shell heavy neutrino q2 = M2. Ifmℓ = mφ = 0
then λ(1, xℓ, xφ) = 1 and the above expression simplifies
to E± = 12 (Eq ± |~q|). On the other hand, if M = mℓ +
mφ then λ(1, xℓ, xφ) = 0 and therefore E
+ = E− =
Eq(mℓ/M). Since the integration limits coincide in this
case, the integral vanishes.
Combining it with the integration over d3q and using
the isotropy of the medium we find
〈XγDNi〉 =
1
32π3
∞∫
M
dEq f
eq
N
E+∫
E−
dEpXΞN
[
1− feqℓ + feqφ
]
.
If quantum-statistical effects are neglected then both the
CP -violating parameter and the total tree-level decay
amplitude are momentum independent and the integra-
tion can be performed analytically. We get:
〈X γDNi〉 ≈
gN
2π2
XM2i ΓiTK1
(
Mi
T
)
,
where gN = 2 is the number of the Majorana spin degrees
of freedom. Similar results are obtained for Higgs decay
and washout reaction densities.
2. Two-body scattering
For 2 ↔ 2 scattering processes the reaction density is
defined by
〈γabij 〉 ≡
∫
dΠ
papbpipj
abij (2π)
4δ(pa + pb − pi − pj)
× feqa feqb (1± feqi )(1± feqj )Ξab↔ij . (A3)
To reduce it to a form suitable for the numerical analysis
we insert an identity:
1 =
∫
ds
∫
d4qδ(pa + pb − q)δ+(q2 − s) ,
into Eq. (A3). The resulting expression can be inter-
preted as a product of the inverse decay and decay am-
plitudes integrated over the ‘mass’ and energy of the in-
termediate state:∫
dΠ
papbpipj
abij (2π)
4δ(pa + pb − pi − pj)
→
∫
ds
∫
d4q
(2π)4
δ+(q
2 − s)
×
∫
dΠapa dΠ
b
pb (2π)
4δ(pa + pb − q)
×
∫
dΠipi dΠ
j
pj (2π)
4δ(q − pi − pj) .(A4)
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For the third line we will use Eq. (A1). For the last line it
is more convenient to us a different representation. Inte-
grating out the delta-function we obtain for the last line
in Eq. (A4):
1
4π
∫
dΩi
4π
~p2i
q0|~pi| − Ei|~q| cosΘ . (A5)
Note that not all angles are kinematically allowed, see
Eq. (A8) below. As a product of Lorentz-invariant quan-
tities the integral is also Lorentz-invariant. We can there-
fore boost to the center-of-mass frame where ~q = 0 and
q0 =
√
s. By energy-momentum conservation |~pi|/q0 =
1
2λ
1
2 (1, xi, xj), where q
2 = s now. The angle integra-
tion can be partially reduced to integration over the
Mandelstam variable t = (pa − pi)2 using the relation
dt = 2|~pa||~pi|d cos θai. Note that the azimuthal angle ϕai
is Lorentz-invariant by itself. Therefore, boosting back to
the rest frame of the medium we can write the left-hand
side of Eq. (A5) in the form
λ−
1
2 (1, xa, xb) · 1
8π
∫
dϕai
2π
∫
dt
s
.
Integrating furthermore over dq0 and using the fact the
the integrand is independent of the orientation of ~q, we
finally obtain
〈γabij 〉 =
1
64π4
∞∫
smin
ds
∞∫
√
s
dEq (A6)
× λ− 12 (1, xa, xb)
E+∫
E−
dEa f
eq
a f
eq
b
× 1
8π
2π∫
0
dϕai
2π
t+∫
t−
dt
s
Ξab↔ij(1± feqi )(1 ± feqj ) ,
where
√
smin = max(
∑
minit,
∑
mfin). Just like for
particle decay, the integration limits E± are given by
Eq. (A2) but with xℓ and xφ replaced by xa and xb respec-
tively and the three-momentum given by |~q| = (E2q −s)
1
2 .
The range of integration over t is given by
t± = m2a +m
2
i −
s
2
[
(1 + xa − xb)(1 + xi − xj)
∓ λ 12 (1, xa, xb)λ 12 (1, xi, xj)
]
.
In particular, for massless initial and finial states it re-
duces to t+ = 0 and t− = −s.
If the quantum-statistical effects are neglected then
feqa (Ea)f
eq
b (Eb) = f
eq
N (Eq). The integration over Ea can
be easily performed in this case and, combined with the
λ−
1
2 (1, xa, xb) prefactor, gives |~q|. In the same approx-
imation the last line of (A6) does not depend on the
distribution functions and gives so-called ‘reduced cross
section’:
σˆ(s) ≡ 1
8π
2π∫
0
dϕai
2π
t+∫
t−
dt
s
Ξab↔ij . (A7)
Using Eq. (A7) and integrating over Eq we recover the
usual expression for the scattering reaction density:
〈γabij 〉 ≈
T
64π4
∞∫
smin
ds
√
sK1
(√
s
T
)
σˆ(s) .
To take the quantum-statistical effects into account we
need to express energies of initial and final states in
terms of the integration variables. By energy conserva-
tion Eb = Eq − Ea. Therefore Ea and Eb as well as the
related momenta |~pa| and |~pb| are completely fixed by the
second and third integration variables. Next we consider
the final states. By energy conservation Ej = Eq − Ei.
It remains to express Ei in terms of the integration vari-
ables. Let us choose the coordinates such that ~pa points
along the x-axis and ~pb lies in the xy-plane. Then the
momentum transfer ~q also lies in the same plane. Its com-
ponents are given by ~q = |~q|(cos θaq, sin θaq, 0) where:
cos θaq =
2EaEq − s+m2b −m2a
2|~q||~pa| .
The components of ~pi can be written in the form ~pi =
|~pi|(cos θai, sin θai cosϕai, sin θai sinϕai). Then the angle
between the vectors ~pi and ~q is given by
cos θqi = cos θaq cos θai + sin θaq sin θai cosϕai .
Using energy-momentum conservation we can express Ei
in terms of this angle and the integration variables:
Ei =
1
2
s
s+ ~q2 sin2 θqi
[
Eq
(
1 + xi − xj)
+ |~q| cos θqi
(
λ(1, xi, xj)− 4xi~q2/s sin2 θqi
) 1
2
]
. (A8)
Note that for 4m2ℓ~q
2 > λ(s,m2ℓ ,m
2
φ) the difference under
the square root in Eq. (A8) can become negative for some
angles. This means that such scattering angles are for-
bidden kinematically and should not be integrated over.
Since Eq. (A8) implicitly depends on θai it is conve-
nient to use this angle as an integration variable instead
of t. The integration measure in Eq. (A6) is then modi-
fied according to dt→ 2|~pa||~pi| sin θai dθai.
To calculate the scattering amplitudes we need the
three Mandelstam variables. s is an integration variable.
t is given by
t = m2a +m
2
i − 2EaEi + 2|~pa||~pi| cos θai .
The remaining one, u, can be inferred from the Mandel-
stam relation s+ t+ u =
∑
m2.
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Appendix B: Generalized optical theorem and
thermal cutting rules
The generalized optical theorem is a consequence of the
unitarity of the S-matrix and can be seen as a consistency
condition for the amplitudes to ensure conservation of
probability. It can also be seen as a consequence of the
Cutkosky cutting rules [79–81] for the computation of
the discontinuities of Feynman diagrams. As such it can
be applied to unstable particles at any given order of
perturbation theory. We may write it as
−i
[
Ma→b({ki}, {pi})−M∗b→a({pi}, {ki})
]
=
=
∑
i
(∏
il
∫
dΠil
)
(2π)4δ(
∑
j
kj −
∑
il
qil)
×Ma→i({ki}, {qil})M∗b→i({pi}, {qil}) . (B1)
The amplitudesMa→b include all contributing diagrams
(at a given order of perturbation theory) and the sum
on the right-hand side is over all possible real intermedi-
ate states i which contribute to Ma→b. The generalized
optical theorem can be exploited to see explicitly why
the RIS subtraction works. To this end, we apply it to
⊃ + +
+ + +
FIG. 18: One-loop contributions to ℓφ → ℓφ scattering at
O(h4). The cuts through the internal lepton and Higgs lines
yield the s× s, s× t and t× t-contributions to ℓφ→ ℓ¯φ¯. The
cuts through single internal Majorana lines yield the interfer-
ence terms which contribute to the CP -violating parameter.
the forward scattering processes ℓφ → ℓφ and ℓ¯φ¯ → ℓ¯φ¯,
see Fig. 18, above the energy thresholds s > m2N1 (the
contribution by N2 real intermediate states etc. can be
addressed analogously) and s > (mℓ +mφ)
2.
We include all possible graphs up to O(h4). Further-
more, we sum Eq. (B1) over all internal degrees of free-
dom of initial and final states and absorb these in the
‘effective amplitudes’ defined in Sec. II. We get for the
process involving particles
2ℑ{∑
dof’s
Mℓφ→ℓφ
}
=
∫
dΠN1q (2π)
4δ(k + p− q)Ξℓφ→N1
+
∫
dΠℓq dΠ
φ
r (2π)
4δ(k + p− q − r)Ξℓφ→ℓ¯φ¯
+
∫
dΠℓq dΠ
φ
r (2π)
4δ(k + p− q − r)Ξℓφ→ℓφ . (B2)
The amplitudes squared on the right-hand side contain
the relevant graphs including the vertex and self-energy
⊃ +
FIG. 19: One-loop contributions to ℓφ¯ → ℓφ¯ scattering at
O(h4). Due to medium effects the particles in the loop can
be on-shell.
contributions, see Fig. 1, whose interference terms lead
to CP -violation in the particle decay. In the same way
one finds for ℓ¯φ¯↔ ℓ¯φ¯:
2ℑ{∑
dof’s
Mℓ¯φ¯→ℓ¯φ¯
}
=
∫
dΠN1q (2π)
4δ(k + p− q)Ξℓ¯φ¯→N1
+
∫
dΠℓq dΠ
φ
r (2π)
4δ(k + p− q − r)Ξℓ¯φ¯→ℓφ
+
∫
dΠℓq dΠ
φ
r (2π)
4δ(k + p− q − r)Ξℓ¯φ¯→ℓ¯φ¯ . (B3)
As a consequence of CPT we have
∑Mℓφ→ℓφ =∑Mℓ¯φ¯→ℓ¯φ¯. Therefore the difference of the left-hand
sides of Eqs. (B2) and (B3) as well as that of the third
terms on the right-hand-sides vanish. Subtracting the
right-hand sides we obtain
∫
dΠℓq dΠ
φ
r (2π)
4δ(k + p− q − r)[Ξℓφ→ℓ¯φ¯ − Ξℓ¯φ¯→ℓφ] =
−
∫
dΠN1q (2π)
4δ(k + p− q)[Ξℓφ→N1 − Ξℓ¯φ¯→N1], (B4)
as a requirement for a consistent approximation of the
amplitudes compatible with unitarity and CPT . It is ob-
vious that this cannot be satisfied if the scattering am-
plitudes are in tree-level approximation meanwhile the
decay amplitudes violate CP . We show in Sec. III how
Eq. (B4) can be satisfied by replacing the two-body scat-
tering amplitudes Ξ → Ξ′. The solution for Ξ′ amounts
to subtracting the real intermediate state contributions
from Ξ. In order to obtain an equivalent result for the
Higgs decay at high temperature (i.e. for mφ > mℓ+Mi)
we need to consider different processes since the ampli-
tude |M|φ¯→ℓNi cannot be obtained as cut of the graphs
in Fig. 18. One could try to draw and to cut graphs for
ℓNi → ℓNi scattering, but the obtained cuts are lepton
number conserving and would drop out in the difference
YL = Yℓ − Yℓ¯. Instead the relevant contributions ap-
pear as ‘thermal cuts’ of the t-channel contributions to
ℓφ¯ → ℓφ¯ depicted in Fig. 19. Since they exist only at
finite density we need to use finite temperature ‘circling
rules’, which can be seen as a generalization of Eq. (B1),
to compute the imaginary part of causal n-point func-
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x1 x2
,
x1 x2
FIG. 20: The thermal width can be obtained using (causal)
finite temperature cutting rules.
(a) (b)
(c) (d) (e)
(f) (g)
FIG. 21: Circlings contributing to the self-energy (a),(b) and
vertex (c-e) CP -violating parameter for Majorana neutrino
decay and for Higgs decay (f),(g),(c-e). The contributions
by graphs (b),(f) vanish since Ni and Nj cannot be on-shell
simultaneously for i 6= j. Contributions by graphs (c-e) are
suppressed if the cut is through an internal Majorana neutrino
line.
tions in the real time formalism [82]:
2ℑ{i−1F (α)R/A(x1, . . ., xα, . . . , xn; zj)} = (B5)
∓
not all∑
xi
∑
zj
ℑ
{
i−1F>(x1, . . . , xα, . . . , xn; zj)−
−i−1F<(x1, . . . , xα, . . . , xn; zj)
}
,
where ‘not all’ means that not all xi should be circled at
the same time. It was shown in [22] that causal n-point
functions are the ones relevant for the computation of
CP -violating parameters. The vertex xα with largest or
smallest time is always circled. We can use this equation
together with the circling rules given in [22, 82] to com-
pute the imaginary parts of the graphs in Fig. 19 and the
CPT -conjugated process ℓ¯φ→ ℓ¯φ. Taking the difference
of both we obtain, similar to Eq. (B4):
∫
dΠℓq dΠ
φ
r (2π)
4δ(k + p− q − r)[Ξℓφ→ℓ¯φ¯ − Ξℓ¯φ¯→ℓφ] =
−
∫
dΠφq (2π)
4δ(k + p− q)[ΞℓN1→φ¯ − Ξ ¯ℓN1→φ] .
We can also use Eq. (B5) to compute the thermal widths
which cutoff the s- and t-channel resonances by cutting
the self-energy graphs as shown in Fig. 20. Furthermore,
the thermal CP -violating parameters can be obtained us-
ing thermal cutting rules, see e.g. Fig. 21 and [22]. Al-
together, the concept of RIS subtraction can be general-
ized to include quantum-statistical effects using thermal
quantum field theory in the real time formalism and a
complete set of reaction densities can be computed. Note
however that inconsistencies are inherent out of equilib-
rium and arise e.g. at higher order in the expansion per-
formed in Sec. IV. Similar computations where performed
in [31, 47] in the imaginary time formalism of thermal
quantum field theory.
Appendix C: Rate equations
In this appendix we present some detailed intermediate
steps in the derivation of rate equations with quantum-
statistical terms. To obtain these we need to assume that
the system is close to thermal equilibrium. Under certain
conditions it is then possible to reduce Boltzmann-like
equations to a set of rate equations for the systems evo-
lution. Assuming that the detailed conditions given in
Sec. IV are fulfilled and using Eq. (31), we get for the in-
tegrated Boltzmann equations with quantum-statistical
terms:
∫
dΠqpkNiℓφ
[±ΞNi⇄ℓφFpk;qℓφ↔Ni−ΞNi⇄ℓ¯φ¯Fpk;qℓ¯φ¯↔Ni] (C1)
=
∫
dΠqpkNiℓφ(2π)
4 δ(q − p− k)
{
±ΞNi⇄ℓφ(1− fℓ)(1 + fφ)
[ fNi − feqNi
(1− fNi)f
eq
Ni
− (e+
µℓ+µφ
T − 1)]
−ΞNi⇄ℓ¯φ¯(1− fℓ¯)(1 + fφ¯)
[ fNi − feqNi
(1− fNi)f
eq
Ni
− (e−
µℓ+µφ
T − 1)]}(1 − fNi) f
eq
Ni
(1− feqNi)
.
This expression is still exact with respect to deviations
from equilibrium and, taking into account results before
Eq. (32), it has an obvious expansion in µ/T . We can see
that there will be contributions proportional to ∆fNi =
(fNi − f
eq
Ni
), to µ/T and proportional to ∆fNiµ/T at lin-
ear order. The coefficients of these terms were introduced
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in Sec. IV (Eqs. (33) and (34)) and dubbed reaction den-
sities. We find for the O(µ/T ) expansion of each of the
two terms in Eq. (C1), i.e. for the general collision term
of ab↔ N in Eq. (31):∫
dΠqpkNabΞab↔NFpk;qab↔N ≈
〈
Ξab↔N
ΞN
∆fN
feqN
γDN
〉
−
〈
Ξab↔N
ΞN
∆fN
feqN
(ξa
a
T
feqa + ξb
b
T
feqb )γ
D
N
〉
− µa + µb
T
〈
Ξab↔N
ΞN
(1− ξNfN )
(1− ξNfeqN )
γWN
〉
, (C2)
where we defined the decay reaction densities as
〈XγDN 〉 ≡
∫
dΠpqkaNb (2π)
4δ(q − k − p)XΞNfeqN fab ,
〈XγWN 〉 ≡
〈
X(1− feqN )γDN
〉
,
with fab ≡ (1 − ξafeqa − ξbfeqb ). For a general process
aN ↔ b (where we allow again for deviations from equi-
librium in fN) we find in the same way:∫
dΠqpkNabΞaN↔bFpk;qaN↔b ≈
〈
− ΞaN↔b
Ξb
∆fN
feqN
γDb
〉
−
〈
ΞaN↔b
Ξb
∆fN
feqN
(−µa
T
(1− ξafeqa ) + ξb
µb
T
feqb )γ
D
b
〉
− µa − µb
T
〈
ΞaN↔b
Ξb
(1− ξNfN )
(1− ξNfeqN )
γWb
〉
, (C3)
where
〈XγDb 〉 ≡
∫
dΠpqkaNb (2π)
4δ(p+ q − k)XΞbfeqN fab ,
〈XγWb 〉 ≡
〈
X(1− feqN )γDN
〉
,
with, now, fab ≡ (feqa + ξNfeqb ). Note that these re-
action densities will tend to zero in the zero tempera-
ture limit because of their dependence on the distribu-
tion functions. Using the general result (C2) we obtain
the contributions to Eq. (C1), and therefore to Eq. (24),
proportional to ∆fNi ,
sH
z
dY Li
Ni
dz
∣∣∣
∆fNi
=
〈±ΞNi⇄ℓφ − ΞNi⇄ℓ¯φ¯
ΞNi
∆fNi
feqNi
γDNi
〉
,
contributions proportional to ∆fNi · µℓT ,
sH
z
dY Li
Ni
dz
∣∣∣
∆fNi
µℓ
T
=
µℓ
T
〈±ΞNi⇄ℓφ + ΞNi⇄ℓ¯φ¯
ΞNi
(cφℓf
eq
φ − feqℓ )
∆fNi
feqNi
γDNi
〉
or just proportional to µℓ/T :
sH
z
dY Li
Ni
dz
∣∣∣
µℓ
T
=
− µℓ
T
(1 + cφℓ)
〈±ΞNi⇄ℓφ + ΞNi⇄ℓ¯φ¯
ΞNi
(1 − fNi)
(1 − feqNi)
γWNi
〉
.
This leads immediately to the result in Eq. (36). Simi-
larly, we get using Eq. (C3) for the contributions (124)
by (anti-)Higgs decay to the rate equations:
sH
z
dY Li
Ni
dz
∣∣∣
∆fNi
= −
〈Ξ
φ¯→ℓNi ∓ Ξφ→ℓ¯Ni
Ξφ
∆fNi
feqNi
γDφ
〉
,
sH
z
dY Li
Ni
dz
∣∣∣
∆fNi
µℓ
T
=
− µℓ
T
〈
Ξ
φ¯→ℓNi ∓ Ξφ→ℓ¯Ni
Ξφ
(cφℓf
eq
φ − (1− feqℓ ))
∆fNi
feqNi
γDφ
〉
,
sH
z
dY Li
Ni
dz
∣∣∣
µℓ
T
=
− µℓ
T
(1 + cφℓ)
〈Ξ
φ¯→ℓNi ± Ξφ→ℓ¯Ni
Ξφ
(1− fNi)
(1− feqNi)
γWφ
〉
.
In addition we get for the ’extra’ terms in Eqs. (25) and
(26):
dY Li
Ni
dz
∣∣∣
D,extra
∝ (1± 1)
〈
ΞNi⇄ℓφ − Ξℓφ⇄Ni
ΞNi
(1− fNi)γDNi
〉
+ (1∓ 1)µℓ
T
(1 + cφℓ)
〈
ΞNi⇄ℓφ − Ξℓφ⇄Ni
ΞNi
(1− fNi)γDNi
〉
+ (1∓ 1)µℓ
T
〈
ΞNi⇄ℓφ − Ξℓφ⇄Ni
ΞNi
(cφℓf
eq
φ − feqℓ )(1 − fNi)γDNi
〉
. (C4)
This means that for dYLi/dz only the first term and for
dYNi/dz the last two terms contribute. The terms pro-
portional to the difference of ΞNi⇄ℓφ and ΞNi⇄ℓ¯φ¯ lead to
contributions proportional to the CP -violating parame-
ter.
To reduce the two-body scattering terms in Eq. (27)
we can use the same methods to find for the general ex-
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pression,∫
dΠkpqrabij (2π)
4δ(k + p− q − r)Ξab↔ij
×[(1 − ξafa)(1− ξbfb)fifj ± (1 − ξifi)(1− ξjfj)fafb] ,
the O(µ/T ) expansion:∫
dΠkpqrabij (2π)
4δ(k + p− q − r)Ξab↔ij
×(1− ξafa)(1− ξbfb)fifj
[
(1± 1)± (e
µa+µb−µi−µj
T − 1)]
=
µc + µd ± (µa + µb)
T
〈γabij 〉+ (1± 1)〈γabij 〉
−(1± 1)〈(ξa µa
T
feqa + ξb
µb
T
feqb − ξi
µi
T
feqi − ξj
µj
T
feqj )γ
ab
ij 〉 ,
where the two-body scattering reaction density was in-
troduced in Eq. (35). The last expression results after
first order expansion in µ/T .
Appendix D: 2PI effective action and self-energies
In this appendix we derive one-loop contribution to
the self-energy of the Majorana field as well as one and
two-loop contributions to the self-energy of leptons.
1. 2PI effective action
The 2PI effective action is defined as a functional of
the one- and two-point functions consisting of an infinite
sum of all 2PI vacuum diagrams [64]. In practice, its
expansion can be characterized in terms of the number
of loops appearing in each diagram:
iΓ2PI[S,S ,∆] =
∑
n
iΓ
(n)
2PI[S,S ,∆] .
The two lowest order contributions, iΓ
(2)
2PI and iΓ
(3)
2PI, rel-
evant for leptogenesis are shown in Fig. 5. Their contri-
butions to the 2PI action read
iΓ
(2)
2PI =−
∫
C
d4u d4w Tr
[
hPRS (u,w)PL h
†
× S(w, u)ǫ∆∗(u,w)ǫ] , (D1a)
iΓ
(3)
2PI =
1
2
∫
C
d4u d4w d4η d4ξ Tr
[
hPRS (u,w)
× CPRhTST (η, w)ǫ∆∗(w, ξ)ǫh∗PLC
×S (η, ξ)PLh†S(ξ, u) ǫ∆∗(u, η)ǫ
]
.
In Eq. (D1) the trace is taken over flavor, Dirac and
SU(2)L indices whereas the transposition only acts in
flavor and Dirac space.
2. Lepton self-energies
By functional differentiation of the 2PI effective action
with respect to the two-point function we obtain the cor-
responding self-energy which enters the Schwinger-Dyson
equation:
Σ
(n−1)
αβ (x, y) = −i
δΓ
(n)
2 PI[S ]
δS Tβα(y, x)
.
Here, flavor indices are shown explicitly whereas the
SU(2)L and Dirac structure is embodied implicitly in
matrix notation. The resulting self-energy is given by a
combination of the Majorana, lepton and Higgs propaga-
tors. Since we do not consider the flavor effects and the
early Universe was in an SU(2)L-symmetric state:
∆ab(x, y) = δab∆(x, y) , S
αβ
ab (x, y) = δabδ
αβS(x, y) .
Since ǫ4 = −ǫ2 = 1 the lepton self-energy also becomes
diagonal: Σαβab = δabΣ
αβ . Furthermore, in the unflavored
approximation it is convenient to sum over lepton fla-
vors: Σ ≡ ∑αΣαα. Then the one- and two-loop order
contributions to the lepton self-energy, see Fig. 5, take
the form:
Σ(1)(x, y) = −(h†h)jiPRS ij(x, y)PL∆(y, x) , (D3a)
Σ(2)(x, y) = −(h†h)ij(h†h)lk
∫
C
d4wd4ηPRS
jk(x,w)C
× PRST (η, w)PLCS li(η, y)PL∆(y, w)∆(η, x) . (D3b)
Eventually, it is the Wightman components that we are
interested in since they enter the gain- and loss terms on
the right-hand side of Eq. (55). Therefore, we insert the
usual decomposition of the propagators G ∈ {∆, S ,S }
into the spectral and statistical parts, Eq. (47), into the
self-energies (D3a) and (D3b). A formal decomposition
of the self-energy in analogy to (47) allows us to identify
its spectral and statistical part and define the Wightman
components in coordinate space as Σ≷ = ΣF ∓ i2Σρ. For
the one-loop self-energy (D3a) they read
Σ
(1)
≷ (x, y) = −(h†h)jiPRS ij≷ (x, y)PL∆≶(y, x) . (D4)
In the case of the two-loop contribution, Eq. (D3b), the
computation becomes slightly elaborate. The complica-
tion is due to the appearance of 32 different terms af-
ter inserting the decomposition (47) for each of the five
propagators into Eq. (D3b) as well as due to the two
remaining integrations over the internal space-time ar-
guments w and η. The decomposition makes the path-
ordering explicit and allows us to convert the integra-
tion along the CTP into an integration along the positive
branch. The 32 terms contain different combinations of
the sign-functions. These can be rewritten by using rela-
tions given in Appendix C of [20]. After some simple but
lengthy algebra we obtain for the Wightman components:
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Σ
(2)
≷ (x, y) = (h
†h)ij(h†h)lk
∫
dω
∫
dη
× [PRS jkR (x, ω)CPRSTF (η, ω)PLCS li≷ (η, y)PL ∆≶(y, ω)∆A(η, x)
+ PRS
jk
F (x, ω)CPRS
T
R(η, ω)PLCS
li
≷ (η, y)PL ∆≶(y, ω)∆A(η, x)
+ PRS
jk
R (x, ω)CPRS
T
A(η, ω)PLCS
li
≷ (η, y)PL ∆≶(y, ω)∆F (η, x)
+ PRS
jk
≷ (x, ω)CPRS
T
R(η, ω)PLCS
li
A (η, y)PL ∆F (y, ω)∆≶(η, x)
+ PRS
jk
≷ (x, ω)CPRS
T
A(η, ω)PLCS
li
F (η, y)PL ∆R(y, ω)∆≶(η, x)
+ PRS
jk
≷ (x, ω)CPRS
T
F (η, ω)PLCS
li
A (η, y)PL ∆R(y, ω)∆≶(η, x)
+ PRS
jk
R (x, ω)CPRS
T
≶(η, ω)PLCS
li
A (η, y)PL ∆≶(y, ω)∆≶(η, x)
+ PRS
jk
≷ (x, ω)CPRS
T
≷(η, ω)PLCS
li
≷ (η, y)PL ∆R(y, ω)∆A(η, x)
]
. (D5)
Specific approximations will allow us to interpret both
expressions, Eq. (D4) and Eq. (D5), as describing decay,
inverse decay and scattering processes of quasiparticles
in the medium.
The expressions for the one- and two-loop self-energies
given by Eqs. (D4) and (D5) depend explicitly on two
coordinates in four dimensional space-time. However,
the self-energies which govern the gain- and loss term
on the right-hand side of Eq. (55) are expressed in terms
of phase space coordinates. Let us therefore exchange
the pair of space-time arguments (x, y) for an equivalent
set of center and relative coordinates, X ≡ (x+ y)/2 and
s ≡ x − y. In contrast to thermal equilibrium, the out
of equilibrium propagators depend not only on the rel-
ative coordinate s but also on the center coordinate X .
Performing a so-called Wigner transformation [56], i.e. a
Fourier transformation with respect to the relative coor-
dinate s, we can trade the latter for a momentum space
variable:
GF (Xuv, p) =
∫
d4suve
ipsuvGF (Xuv, suv) , (D6a)
Gρ(Xuv, p) = −i
∫
d4suve
ipsuvGρ(Xuv, suv) , (D6b)
where we have used Xuv = (u + v)/2 and suv = u − v,
(u, v) ∈ {x, y, w, η} according to the various combina-
tions appearing in Eqs. (D4) and (D5). Note that the fac-
tor −i in the definition (D6b) is conventional and makes
the Wigner transform of the spectral propagator a hermi-
tian matrix. Definitions of the Wigner transforms of the
advanced and retarded propagators coincide with that
for the statistical propagator.
The Wigner transform of Eq. (D4) is obtained straight-
forwardly:
Σ
(1)
≷ (t, p) =− (h†h)ji
∫
dΠ4k dΠ
4
q(2π)
4δ(q − k − p)
× PRS ij≷ (t, q)PL∆≶(t, k) .
Note that motivated by the homogeneity and isotropy of
the early Universe we only indicate time-dependence of
the propagators and self-energy, t ≡ X0xy. To obtain the
Wigner transform of Eq. (D5) we will use an additional
approximation: each of the Wigner transforms of the
propagators we replace by G(Xuv, p) → G(X, p). This
means that we neglect the variations of Xuv from the
center coordinate X = Xxy at which the self-energy is
evaluated. Technically, it corresponds to a gradient ex-
pansion to lowest order and therefore disregards all mem-
ory effects. This can be compared to the ‘Stoßzahlansatz’
within the usual approach to the Boltzmann equation. It
is convenient to represent the resulting expression as a
sum of three terms:
Σ
(2)
≷ = Σ
(2.1)
≷ +Σ
(2.2)
≷ +Σ
(2.3)
≷ . (D7)
The first term on the right-hand side of Eq. (D7) corre-
sponds to the Wigner transform of lines one to three and
four to six in Eq. (D5):
Σ
(2.1)
≷ (t, p) =
∫
dΠ4q dΠ
4
k (2π)
4δ(p− q + k) (D8)
× [(h†h)ij(h†h)lkΛjk(t, q, k)PLCS li≷ (t, q)PL∆≶(t, k)
+ (h†h)ji(h†h)klPRS il≷ (t, q)CPRVkj(t, q, p)∆≶(t, k)
]
.
where we have introduced two functions containing loop
corrections:
Λjk(t, q, k) ≡
∫
dΠ4k1 dΠ
4
k2 dΠ
4
k3
× (2π)4δ(q + k1 + k2) (2π)4δ(k + k2 − k3)
× [PRS jkR (t,−k3)CPRSTF (t, k2)∆A(t, k1)
+ PRS
jk
F (t,−k3)CPRSTR(t, k2)∆A(t, k1)
+ PRS
jk
R (t,−k3)CPRSTA(t, k2)∆F (t, k1)
]
,
and Vkj(t, q, k) ≡ P Λ†kj(t, q, k)P . As we will see, (D8)
describes CP -violating decay of the heavy Majorana neu-
trino. The second term on the right-hand side of Eq. (D7)
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is given by the Wigner transform of the seventh line of
Eq. (D5) and describes lepton number violating scatter-
ing processes:
Σ
(2.2)
≷ (t, p) =
∫
dΠ4p2 dΠ
4
k1dΠk2 (2π)
4δ(p+ k1 − p2 − k2)
× (h†h)ij(h†h)lk
[
PRS
jk
R (t, p2 + k2)CPRS
T
≶(t,−p2)PL
× CS liA (t, p2 − k1)PL∆≶(t, k1)∆≶(t,−k2)
]
.
Finally the last term in Eq. (D7) corresponds to the last
line of Eq. (D5),
Σ
(2.3)
≷ (t, p) =
∫
dΠp2dΠk1dΠk2(2π)
4δ(p+ q1 − p2 − q2)
× (h†h)ij(h†h)lk
[
PRS
jk
≷ (t,−q1)CPRST≷(t, p2)PLC
×S li≷ (t, q2)PL∆A(t,−q2 − p2)∆R(t, q1 − p2)
]
,
and can be identified with lepton number conserving pro-
cesses which do not contribute to generation of the lepton
asymmetry.
3. Majorana self-energy
Differentiating Eq. (D1a) with respect to the two-point
function of the Majorana neutrino and using definitions
of the CP -conjugate two-point functions we obtain for
the Majorana self-energy
Πij(x, y) =− gw
[
(h†h)ij PLS(x, y)PR∆(x, y) (D9)
+ (h†h)∗ij PRPS¯(x¯, y¯)PPL ∆¯(x¯, y¯)
]
,
where we have assumed the SU(2)L symmetry of the
medium and neglected flavor effects. The factor gw = 2 in
Eq. (D9) comes from the summation over the SU(2)L in-
dices. The CP conjugate self-energy differs from Eq. (D9)
only in the propagators replaced by their CP conjugate
counterparts and the couplings replaced by their complex
conjugates.
From Eq. (D9) we can read off the Wightman compo-
nents of the self-energy:
Πij≷(x, y) = −gw
[
(h†h)ijPLS≷(x, y)PR∆≷(x, y)
+ (h†h)∗ijPRPS¯≷(x¯, y¯)PPL∆¯≷(x¯, y¯)
]
.
Its CP -conjugate can be obtained by complex conjugat-
ing the couplings and replacing the two-point functions
by their CP -conjugates. To calculate amplitudes of the
scattering processes we will need its Wigner transform:
Πij≷(t, q) =− gw
∫
dΠ4k dΠ
4
p(2π)
4δ(q − p− k)
× [ (h†h)ijPLS≷(t, p)PR∆≷(t, p)
+ (h†h)jiPRPS¯≷(t, p¯)PPL∆¯≷(t, k¯)
]
. (D10)
From Eq. (D10) we can deduce the Wigner transform of
the corresponding spectral self-energy:
Πijρ (t, q) =−
gw
16π
[
(h†h)ijPLΠρ(t, q)PR
+ (h†h)∗ijPRΠ¯ρ(t, q¯)PL
]
,
where we have introduced
Πρ(t, q) ≡ 16π
∫
dΠ4k dΠ
4
p(2π)
4δ(q − k − p)
× [∆F (t, k)Sρ(t, p) + ∆ρ(t, k)SF (t, p)] ,
Πρ(t, q) ≡ 16π
∫
dΠ4k dΠ
4
p(2π)
4δ(q − k − p)
× P [∆¯F (t, k)S¯ρ(t, p) + ∆¯ρ(t, k)S¯F (t, p)]P ,
and q¯ ≡ (q0,−~q ). In the quasiparticle approximation the
Wigner transforms of the two-point functions of leptons
and the Higgs are given by Eqs. (56)–(57) and Eqs. (64)–
(65) respectively. In a CP -symmetric medium, which
the early Universe was to a very good approximation,
∆¯ρ(t, k) = ∆ρ(t, k) and ∆¯F (t, k) = ∆F (t, k). The ho-
mogeneity and isotropy of the early Universe further-
more imply, that there is no dependence on the momen-
tum direction and the spatial central coordinate so that
∆¯ρ(t, k¯) = ∆ρ(t, k) and ∆¯F (t, k¯) = ∆F (t, k). Just like
for scalars, in a CP -symmetric medium the fermion two-
point functions are related by S¯ρ(t, p) = Sρ(t, p) and
S¯F (t, p) = SF (t, p). As for the p → p¯ transformation,
the terms in the lepton propagators which carry spinor
structure are not invariant under it:
PL /¯p PR = PLP /pPPR = PPR /pPLP . (D11)
Since P 2 = 1, Eq. (D11) implies that in a homogeneous,
isotropic and CP -symmetric medium Π¯ and Π are left
and right projections of the same ‘vector’ integral Lρ:
Πijρ = −
gw
16π
[
(h†h)ijPL + (h†h)∗ijPR
]
Lρ .
Explicit form of Lρ depends on the kinematic regime and
is presented below.
To evaluate the decay amplitudes as well as amplitudes
of the s-channel scattering processes we need to evaluate
it for positive q2 = M2 and q2 = s. If q0 is also positive
then Lρ takes the form:
Lρ(t, q) = 16π
∫
dΠφk dΠ
ℓ
p(2π)
4δ(q − k − p) /p
× [1 + fφ(t, k)− fℓ(t, p)] . (D12)
To obtain Eq. (D12) we have used the quasiparticle ap-
proximation for the two-point functions and integrated
over the zeroth components of the momenta. Integrating
out the energy-momentum conserving delta-function we
obtain for its Lorentz components:
L0ρ =
2T
y
I1 (y0, y) ,
~Lρ =
~q
|~q|
2T
y2
[
y0I1 (y0, y)
− 12 (y20 − y2)(1 + xℓ − xφ)I0 (y0, y)
]
,
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where y0 ≡ q0/T and y ≡ |~q|/T . The integral functions
In are defined by
In(y0, y) ≡
z+∫
z−
dz zn
(
1 +
1
ey0−z − 1 −
1
ez + 1
)
,
where, in complete analogy with Eq. (A2), the integration
limits are given by
z± = 12
[
y0
(
1 + xℓ − xφ
)± yλ 12 (1, xℓ, xφ)] . (D14)
For positive q2 and negative q0 the components of Lρ are
related to the ones above by L0ρ(−q0, ~q ) = L0ρ(q0, ~q ) and
~Lρ(−q0, ~q ) = −~Lρ(q0, ~q ) respectively.
To evaluate amplitudes of the t- and u-channel pro-
cesses we also need to calculate Lρ for negative square of
the momentum transfer. In this case momentum-energy
conservation ensures that p0 and k0 cannot be positive
or negative simultaneously. If they have different signs
then, assuming homogeneity and isotropy of the medium
and using relations (102), we find
Lρ(t, q) = 16π
∫
dΠφk dΠ
ℓ
p(2π)
4
/p
×{δ(q + k − p)[fφ¯(t, k) + fℓ(t, p)]
+δ(q − k + p)[fφ(t, k) + fℓ¯(t, p)]
}
. (D15)
Eq. (D15) implies that for negative square of the momen-
tum transfer Lρ vanishes in vacuum. Although it is in
principle possible to retain the thermal masses of leptons
and the Higgs in the calculation, the resulting expres-
sions are quite lengthy in this case. Neglecting the ther-
mal masses we obtain for the Lorentz components of Lρ
in this regime:
L0ρ =
2T
y
∑
±
I±1 (y0, y) ,
~Lρ =
~q
|~q|
2T
y2
∑
±
[
y0I
±
1 (y0, y)− 12 (y20 − y2)I±0 (y0, y)
]
,
where the integral functions are given by
I±n (y0, y) ≡
∞∫
1
2
(y±y0)
dz zn
(
1
ez + 1
+
1
ez∓y0 − 1
)
.
Note that in this regime y > y0 and therefore the lower
integration limit is positive.
To compute the scattering amplitude we need to cal-
culate the product qLρ. For the s-channel we find:
qLρ = q
2(1 + xℓ − xφ) y−1I0(y0, y) ,
whereas the corresponding expression for the t- and u-
channels reads
qLρ = q
2 y−1
∑
±
I±0 (y0, y) . (D17)
At low temperatures Eq. (D17) is exponentially small and
vanishes in the vacuum limit.
To analyze the Higgs decay we need to evaluate the
spectral loop integral in a region of the phase space where
the effective Higgs mass exceeds the sum of the Majorana
and lepton masses. Using properties of the distribution
functions under the p0 → −p0 transformation we find
after some algebra from Eq. (118):
Lρ(t, q) = 16π
∫
dΠkpφℓ(2π)
4δ(q + p− k) /p
[
feqφ + f
eq
ℓ
]
.
Just like in Eq. (D12), the integration is over the (on-
shell) momenta of the Higgs and lepton and the Majorana
momentum serves as a constraint. Note that in this case
we are interested only in the on-shell Majorana momenta
and therefore q2 = M2. After integrating out the delta-
function we obtain a result similar to Eq. (D13):
L0ρ =
2T
y
J1 (y0, y) ,
~Lρ =
~q
|~q|
2T
y2
[
y0J1 (y0, y)− 12 (xφ − xℓ − 1)J0 (y0, y)
]
,
where the integral function is defined as:
Jn(y
0, y) ≡
z+∫
z−
dz zn
(
1
ez + 1
+
1
ez+y0 − 1
)
.
The integration limits are given by an expression similar
to Eq. (D14) but with 1+xℓ−xφ replaced by xφ−xℓ−1.
When the effective Higgs mass approaches the kinematic
limit, mφ = mℓ + M the upper integration limit ap-
proaches the lower one, and the integral vanishes.
Appendix E: Numerical parameters
To perform the quantitative analysis we need to specify
the Yukawa couplings. For simplicity we focus on the case
of a very heavy third Majorana neutrino M3 ≫ M2 >
M1 (MSM). In this limit the Yukawa couplings can be
expressed in terms of the observed active neutrino masses
and mixing angles and only one complex additional free
parameter ω. In the Casas-Ibarra parameterization [83–
86] the Yukawa couplings are given by
(h†h)11 =
M1
v2
(m2
∣∣1− ω2∣∣+m3 ∣∣ω2∣∣) ,
(h†h)22 =
M2
v2
(m3
∣∣1− ω2∣∣+m2 ∣∣ω2∣∣) ,
(h†h)12 =
√
M1M2
v2
(m2 ω
√
1− ω2 ∗ −m3 ω∗
√
1− ω2) ,
where v ≈ 174 GeV is the Higgs vev and we have as-
sumed normal hierarchy. In this case the physical neu-
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FIG. 22: Washout parameter for N1 decay in the complex ω-
plane. The values for the benchmark points are K1(ω1) =
47.20 and K1(ω2) = 54.97. K1 has a minimum value of
K1(0) = 8.28.
trino masses are given by
m2 = (∆m
2
sol)
1
2 ≈ 8.71 · 10−12 GeV ,
m3 = (∆m
2
sol +∆m
2
atm)
1
2 ≈ 5.0 · 10−11 GeV .
For illustration we choose the benchmark points ω =
exp(−0.01 · I) and ω = exp(−0.5 · I) denoted by BM1
and BM2 in the plots. As masses of the right-handed
neutrinos we choose M1 = 10
9 GeV and M2 =
√
10M1
respectively. This choice of parameters is such that ef-
fects related to the resonant enhancement will be unim-
portant but contributions from both heavy Majorana
neutrinos can be relevant. Note however that there
are lower bounds on the washout parameters Ki ≡
Γi/H
∣∣
T=M1
= m˜i/m⋆ (with ‘equilibrium neutrino mass’
m⋆ = 16π
5/2
√
g∗SMv
2/
(
3
√
5MPl
)
), see Figs. 22 and 23.
The freeze-out of the asymmetry will therefore typically
occur late (i.e. T ≪ Mi) which renders medium effects
in general small. However for the qualitative issues dis-
cussed in this paper our preference is to specify a consis-
tent set of parameters for which we can discuss the gen-
eration of the lepton asymmetry in terms of two heavy
Majorana neutrinos. This is of course not a general re-
striction for the employed techniques.
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FIG. 23: Washout parameter for N2 decay in the complex ω-
plane. The values for the benchmark points are K2(ω1) =
9.22 and K2(ω2) = 53.38. K2 has a minimum value of
K2(−1) = K2(1) = 8.28173.
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